
IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 



Applicant(s): Rosen 



Application No.: 09/937,192 



Filed: 9/21/2001 



Group Art Unit: 



1624 



Title: Methods and Compositions for 
Degradation and for Inhibition of 
HER-Family Tyrosine Kinases 



Examiner: 



Bruck Kifle 



Attorney Docket No.: MSK.P-038 



BRIEF FOR APPELLANT 



This brief is filed in support of Applicants' Appeal from the rejection mailed 3/10/2005. 1 
Consideration of the application and reversal of the rejections are respectfully urged. 

Real Party in Interest 

The real party in interest is Sloan-Kettering Institute for Cancer Research 

Related Appeals and Interferences 

To Applicants' knowledge, there are no related appeals or interferences now pending. A 
prior Appeal was filed in this case, but the rejection was withdrawn upon filing of an Appeal 
Brief. 

Status of Claims 

Claims 3, 4, 6 and 9-34 are pending in this application. Claims 1, 2, 5, 7 and 8 have been 
canceled. No other claims have been presented. 



i 



Although the rejection of March 10, 2005 is not a final rejection, claims in this 
application have been twice rejected, and the requirements for filing an Appeal as 
set forth in 37 CFR 41.31(a) are met. 
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Status of Amendments 

All amendment made in this case have been entered. 

Summary of Claimed Subject Matter 

As set forth in claim 3, the present application relates to: 

A chemical compound comprising first and second hsp-binding moieties which 
bind to the pocket of hsp90 with which ansamycin antibiotics bind, said binding 
moieties being connected to one another by a linker, wherein the first and second 
hsp-binding moieties are each an ansamycin antibiotic and retain the ability in the 
chemical compound to bind to the pocket of hsp90. 

Ansamycins are a known class of antibiotics that bind to a specific pocket of the chaperone 
protein hsp90. (Specification, page 1, lines 26-28). The composition of the present invention 
have two ansamycin moieties which interact this pocket of hsp90 and can thus be considered as 
dimers (homo- or hetero-). (Page 1, lines 1-3, Page 3, lines 14-20). 

In the compound as defined in claim 3, the two ansamycin antibiotics are joined by a 
linker. The linker may be of varying lengths, and may include substituents such as amines, or 
double or triple bonds. (Page 4, lines 14-19). Specific example of linkers include alkyl chains 
of 4 to 12 carbons as shown in Table 1 (Page 6) and aryl linkers, and N-methyl amino linkers as 
shown in Fig. 1. Synthesis of such compounds is described in Fig. 1 and Example 1. 

The compositions of the invention are useful in the destruction of cells expressing a 
HER-family tyrosine kinase (claim 12, Page 4, lines 29-31), and in the treatment of cancer (claim 
13,) particularly in cancers that over-express a HER-family kinase. (Claim 30). (See, 
specification, Page 3, lines 17-28, Page 8, lines 1-25 and examples 2-5). 
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Grounds of Rejection to be reviewed on Appeal 

Claims 3, 4, 6 and 9-34 stand rejected under 35 USC § 112, first paragraph, as lacking 
enablement. 

Claims 3, 4, 6 and 9-34 stand rejected under 35 USC § 112, second paragraph, as 
indefinite. 

Argument 

I. The Enablement Rejection 

Claims 3, 4, 6 and 9-34 stand rejected for lack of enablement. In making this rejection, 
the Examiner has paid no attention to the scope of the individual claims or the arguments 
presented, but has treated all claims as a group. This is improper, since the rejection plainly 
cannot apply to all of the mentioned claims. 

A. Claims 10 and 11 are composition claims within the scope said to be enabled . 

The Examiner acknowledges that the present specification is enabling for the 
"geldanamycin dimer, wherein the linker is -(CH 2 ) 4 . 12 and bonded to the 17-carbon of each 
geldanamycin, to treat breast cancer." (Office Action, page 2). Given this acknowledgment, the 
rejection of claims 10 and 11, which are compositions claims (and therefore not dependent on 
any particular use) and which specifically fall within the scope that the Examiner says are 
enabled, is clearly in error and suggests that the Examiner has failed to give due consideration to 
the claims and the application. 

The Examiner also asserts a lack of enablement without identifying the claims rejected on 
this ground because "the specification does not provide enablement for the treatment of cancer 
generally." This ground for rejection cannot be applied to composition claims. 

Accordingly, the rejection under 35 USC § 112, first paragraph, for lack of enablement 
should be reversed with respect to claims 10 and 11. 
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B. Composition Claims 3, 4, and 6 

Claims 3, 4, 6 and 9 are also composition claims, but they broader in scope than claims 

10 and 11. The argument with respect to enablement of treatment of cancer generally cannot 

apply to these claims, and therefore the only arguments of relevance to these claims are those 

made in connection with the composition claims. The Examiner refers to and incorporates the 

Official Action of June 25, 2004, and argues that "determining the compound claimed would 

require synthesis of millions of compounds and testing each to determine whether the compounds 

falls within the scope of claim 1." In prior Office Action the Examiner made the same 

statement, and Applicants responded 

The Examiner on page 9 of the official action [argues] that "the breadth of the 
claims includes billions of compounds with radically diverse structures which 
bind to the pocket of hsp90." Applicants challenge the Examiner to support this 
statement with compounds that don't venture into the absurd. The parts of the 
claims that the Examiner has omitted from his characterization specify that the 
molecule contains two ansamycin antibiotic moieties. The Examiner has not 
established that this is class containing a multiplicity of compounds of diverse 
structure as the Examiner argues. 

(Amendment filed December 27, 2004) In response to this, the Examiner did not provide a 
reasoned basis for his allegation or argument. 2 He did not establish that ansamycin antibiotics 
are a diverse groups of compounds of diverse structure. This being the case, the Examiner's 
position is nothing more than an unsupported allegation which should carry no weight in 
assessing enablement. 

The Examiner also stated in the Official Action of June 25, 2004 (page 8), that "the 
direction concerning how to make the claimed compounds is not found in the specification." 
Applicants disagree. Fig. 1 provides two synthetic routes to compositions of the invention, one 
shown for a geldanamycin homodimer and one for a geldanamycin-herbimycin heterodimer. In 
both cases, reactive groups on the anasmaycin antibiotic (the 17 methoxy group of geldanamycin, 



The Examiner new ground for rejection under 35 USC § 1 12, second paragraph, is 
not reasoned support for this position as discussed below. 
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for example) are reacted with an linker having primary amine functionality at one end and amine 
or some other functionality at the other. (See Page 20, lines 28, Fig. 2 and Example 1) This 
linker is then reacted with the second ansamycin (in a single or two separate reactions) to form 
the dimer. The Examiner has not said why this synthetic method is not sufficient to teach how 
to make compounds within the scope of the claims, for a person of ordinary skill in the art. The 
reaction discussed here are not intricate processes where stereochemistry is important. They are 
simply sticking two known molecules (anasmycin antibiotics) together with something (a linker) 
in between using standard organic synthesis techniques. 

In the Office Action of June 24, 2004 (page 8), the Examiner also asserted that "there is 
one working example." This assertion is in error, since Fig 1 and Example 1 show both a homo- 
dimer and a heterodimer and a variety of linkers and functional groups on the unreacted linkers, 
and since dimers with different length linkers were made and tested using the same techniques. 
Further, the Examiner has not offered any reasoning as why the methods described which involve 
standard synthetic reactions would not allow persons skilled in the art to make additional 
compounds. 

For these reasons, the rejection for lack of enablement of claims 3, 4, 6 and 9 should be 
reversed. 

C. Composition Claim 9 is enabled . 

Composition claim 9 is a composition claim. It recites that both of the ansamycin 
antibiotics are geldanamycin, but is broader in scope than claims 10 and 1 1 because the linker is 
not specifically defined. The argument with respect to enablement of treatment of cancer 
generally cannot apply to this claim, and therefore the only arguments of relevance are those 
made in connection with the linker. 

The Examiner has stated that the application is enabling for linkers that are (CH2) 4 . 12 
bonded to the 17-carbon of geldanamycin. The Examiner has not, however, explained why other 
linkers bonded to this position (as required in claim 9) are not enabled. Thus, the Examiner has 
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failed to meet his burden in presenting a meaningful rejection of this claim to which Applicants 
can respond. The rejection should therefore be reversed. 

D. Method Claim 12 is enabled 

Claim 12 is a method claim, but it is not directed to the treatment of cancer. Rather it is 
directed to a method for destruction of cells expressing a HER-kinase. The Examiner has offered 
no reasons why this method is lacking enablement, and therefore it is assumed that the rejection 
of this claim is based on the definition of the composition that is used in the method, which 
corresponds in scope to compounds of claim 3. For the same reasons as set forth above, in 
section LB., this rejection is in error and should be reversed. 

E. Method Claims 13, and 15-17 are enabled 

Method claim 13 recites a method of treating cancer by administration of a compound 
which is defined in the same scope as composition claims 3, 4, 6 and 9. The arguments set forth 
in Section I. B above are applicable to the rejection to the extent it relates to the definition of the 
enablement of the compositions. 

The remaining reasons for rejection of these claims is the assertion that "the specification 
does not provide enablement for treatment of cancer generally." The reason he makes this 
statement is the unsupported assertion that no one has ever found a compound capable of treating 
cancer generally before. While Applicants would agree that general lack of success in the past 
gives rise to a basis for skepticism, this does not absolve the Examiner of the obligation to look 
at the invention and the evidence in deciding enablement issues. 

In this case, Applicants have on several occasions submitted exhibits consistent with the 
broad scope of effectiveness of the compositions of the present invention and why the scope of 
the claims is appropriate. Copies of these Exhibits are attached in the Appendix. The Exhibits 
were first submitted with the Amendment filed July 22, 2002. The Office Action of September 
12, 2002 rejected the claims on the same ground now on Appeal, but made no mention of the 
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exhibits. No mention of the exhibits was made in the Office Action of April 23, 2003 (remailed 
on June 11, 2003). In Applicants response filed by facsimile on August 27, 2003, Applicants 
stated "Applicants further inquire why the Examiner has maintained the rejection while refusing 
to comment on the references showing the diverse activity of geldanamycin and related species 
against diverse types of cancer" and asked the Examiner to either withdrawn the rejection or 
address the merits of the exhibits and related arguments. The response was an Advisory Action 
mailed 9/10/2003 which maintained the rejection with out comment. 

Applicants again pointed out the failure of the Examiner to respond to the evidence in an 
Appeal Brief filed on April 26, 2004. This Brief led to reopening of prosecution with the Official 
Action mailed on June 25, 2004. This Action contained included an enablement rejection, but 
no mention of the declaration evidence in the record. Therefore, in the response filed December 
27, 2004 Applicants stated: 

It is also noted that the Examiner has, despite repeated requests by Applicants, 
once again not even mentioned the declarations and the exhibits A-O which are of 
record in this case. The Examiner cannot pick and choose among the evidence of 
record, but must consider all of the evidence. Accordingly, should the rejection of 
the present claims be maintained, Applicants DEMAND a statement by the 
Examiner that these materials have been considered and an explanation as to why 
the Examiner finds them insufficient. 

The Examiner still has not even mentioned the Exhibits. 

Applicants realize that the Examiner cannot reasonably be barred from submitting 
arguments concerning these papers in further proceedings, as might be the case if he were a party 
to litigation. Nevertheless, Applicants submit that given the failure to consider available 
evidence, the rejection should be reversed unless the Examiner does provide some reasoned 
explanation of his position. 

The basis for the Examiner's argument is largely that the Examiner is classing cancer 
therapy with perpetual motion machines and assumes in assessing enablement that it is inherently 
unbelievable that a cancer therapy could work generally. Such may have been the case when In 

-7- 



Application Serial No. 09/937,192 
Brief for Appellant 

re Buting, 163 USPQ 689 (CCPA 1969), cited by the Examiner, was decided in 1969, but the art 

and the law have progressed since then. The notion of automatic unbelievability is no longer 

credited. Indeed, as the Board of Appeals noted in 1987 in Ex parte Rubin, 5 USPQ2d 1461, 

1462 (POBAI 1987), "'contemporary knowledge in the art ' has far advanced since the days when 

the any statement of utility in treating cancer was per se 'incredible. "' Here, the Examiner has 

not offered any reasoning as to why the assertions of general utility in this application, given the 

suggested mechanism of action. As such, the Examiner has failed to meet the burden discussed 

in In re Marzocchi, 169 USPQ 367, 369 (CCPA 1971), where it is noted that: 

a specification disclosure which contains a teaching of the manner and process of 
making and using the invention in terms which correspond to those used in 
describing and defining the subject matter sought to be patents must be taken as in 
compliance with the enabling requirement of the first paragraph of § 112, 
unless there is a reason to doubt the objective truth of the statements contained 
therein, which must be relied upon for an enabling disclosure. 

An over thirty-year-old case, discussing the state of the art at that time, is not a reason to doubt 
the truth of the asserted utility here. 

Turning now to the contents of the much-ignored evidence, Applicants have submitted 
copies of published papers showing that a monomelic ansamycin compound, 17-allylamino- 
geldanamycin (17-AAG), which is mentioned in the specification on Page 8, line 15 and other 
hsp90 inhibitors are efficacious in a variety of tumor types including breast cancer, ovarian 
cancer, pancreatic cancer and gastric cancer (the cancer types specifically mentioned on Page 8, 
lines 9-11 of the application), other HER kinase overexpressing tumors, and tumors which do 
not over express HER kinase. For example, Yang et al. (Exhibit A), report inhibition of glioma 
(brain tumor) cells with 17-AAG. Okabe et al. (Exhibit B) reports in vivo activity of herbimycin 
A (an ansamycin antibiotic) against leukemia cells. Kelland et al (Exhibit C, JNCI 91: 1940, 
1999) achieved tumor cytostasis in two human colorectal carcinomas, HT29 and BE for the July 
7, 2005 duration of drug treatment with 17-AAG. Burger et al (Exhibit D Proc. AACR, 41: 
Abstract # 2844, 2000) reported potent effects of 17-AAG against a melanoma xenograft and, 
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interestingly, preliminary data from the London arm of the 17-AAG trial indicates that melanoma 
(2/6 objective responses) may be a responsive tumor (Exhibit E Banerji et al, Proc. ASCO, 
Abstract # 326, 2001) 17-AAG has also been used in studies with prostate cancers, and it has 
been shown that this administration resulted in dose-dependent inhibition of androgen-dependent 
and -independent prostate cancer xenografts. (Exhibit F Solit et aL, Clin. Cancer Res. 8: 986- 
993, 2002). 17-AAG has also been shown to enhance paclitaxel-mediated cytotoxicity in lung 
cancer cells (Exhibit G Nguyen et al, Ann, Thorac. Surg. 72: 371-379, 2001); and to modulate 
metastasis phenotypes in non-small cell lung cancer (Exhibit H Nguyen et al., Ann. Thorac. Surg. 
70: 1853-60, 2000). Thus, the efficacy of compounds that bind to the hsp90 receptor span a 
wide range of unrelated cancers, thereby refuting the Examiner's statement that generalized 
cancer therapy is inherently unbelievable. 

The Examiner has not offered any reasoning as to why the assertions of general utility in 
this application, given the suggested mechanism of action, and the evidence of involvement of 
the targeted species in numerous different cancer types. As such, the Examiner has failed to meet 
the burden discussed in In re Marzocchl For these reasons, Applicants submit that the rejection 
of claims 13 and 15-17 should be reversed. 

F. Claims 18, 19 and 20 are enabled . 

Claims 18, 19 and 20 have composition limitations which correspond to the limitations of 
claims 9, 10 and 11 discussed above in sections LA. and I.C, and method scope comparable to 
that of claim 13 discussed in I.E. These arguments are applicable to claims 18, 19 and 20, and 
form the basis for reversal of the enablement rejection of these claim. 

G. Claims 14 and 30 are enabled . 

Claim 14 has composition limitations comparable to claim 3, and the arguments of 
Section LB are therefore applicable. The arguments of Section LE are also applicable. Further, 
claim 14 limits the scope of the cancer treated to cancers that are positive for HER-kinase. This 
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is a subset of "all cancers." Despite repeated requests, the Examiner has never explained why the 
argument that claims are not enabled for all cancers is applied to claim 14 which is a method of 
treating less than all cancers. Applicants provide a specific mechanism of action that is believed 
to explain the activity of the compounds against Her-kinase positive tumors (Page 4, line 29 - 
page 5, line 13). The Examiner has not explained why this mechanism combined with evidence 
of activity of ansamycin compounds against HER-positive cells is insufficient to establish 
enablement of the scope of claim 14. 

Similarly, claim 30 states that the cancer is one that overexpresses a HER-family kinase. 
The same arguments apply to this claim, and the rejection should be reversed. 

H. Claims 21-23 are enabled . 

Claims 21-23 correspond in scope of compound to claims 4 and 6, and in scope of 
cancers treated to claim 14. Accordingly, the arguments of sections LB and I.G are applicable 
and establish that these claims are enabled. 

I. Claim 24 is enabled . 

Claim 24 is dependent on claim 12, and recite a composition scope comparable to claim 
9. Accordingly, the arguments of sections LB. and I.D. are applicable and form the basis for 
reversal of the rejection of these claims. 

J. Claim 25 and 26 are enabled . 

Claims 25 and 26 are dependent on claim 12, and recite a composition scope comparable 
to claims 10 and 11. Accordingly, the arguments of sections LA. and LD. are applicable and 
form the basis for reversal of the rejection of these claims. 

K. Claims 27 - 29 are enabled. 
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Claims 27 -29 are dependent on claim 12, and recite a composition scope comparable to 
claims 4 and 6. Accordingly, the arguments of sections LB. and LD. are applicable and form the 
basis for reversal of the rejection of these claims. 

L. Claims 31-34 are enabled 

Claims 31-34 depend from claim 13, but recite specific types of cancer. The argument 
concerning treatment all cancers is plainly not applicable to these claims. Thus, the only basis 
for the enablement rejection applicable to these claims relates to the scope of the compositions to 
which the argument of section LB is applicable and establishes enablement. 

n. The Definiteness Rejection 

Claims 3, 4, 6 and 9-34 stand rejected under 35 USC § 1 12, second paragraph, as 
indefinite. The Examiner has cited three grounds for this rejection: (1) the meaning of the term 
ansamycin, (2) the nature of the linker; and (3) the assertion that the scope of the compounds is 
not determinable. Applicants submit that these grounds a are without merit and that the 
rejection should be reversed. 

A. The term Ansamycin Antibiotic is Definite 
(Claims 3, 4, 6, 12-17, 21-23, 27-34) 

The Examiner has rejected the claims as indefinite based on the assertion that "the metes 
and bounds of the 'ansamycin' is unknown." This rejection cannot be applicable to claims 9-11, 
18-20 and 24-26 in which the term ansamycin antibiotic is further defined as geldanamycin. 

The term "ansamycin antiobiotic" is a recognized term of art, as is apparent from searches 
on the internet or in the USPTO full text search engine. For example, US Patent No. 4,247,462, 
entitled "Ansamycin Antibiotic" states that: 



-11- 



Application Serial No. 09/937,192 
Brief for Appellant 

The ansamycins constitute a class of antibiotics characterized by an aliphatic bridge 
linking two nonadjacent positions of an aromatic nucleus. The rifamycins.and 
streptovaricins are well known members of this class of antibiotics. The chemistry 
of the ansamycin antibiotics is reviewed by K. L. Rinehart, Jr. and L. S. Shield in 
Progress in the Chemistry of Organic Natural Products, published by Springer- 
Verlag, Vienna-New York (1976). 

See also, US Patent No. 4,738,958 entitled "Ansamycin antibiotic and its use as a medicament." 
A copy of the Rinehart paper which is referenced in this quotation is attached in the Exhibit 
Appendix. 

When one takes the structure of geldanamycin for example, these definitions are applied as 
fellows: 



o 




Me Me OMc 

Geldanamycin (GM) 



where the organic nucleus is indicated in red and the ansa ring is indicated in green. 

Notwithstanding this evidence that the art recognizes a class of antibiotics as anasamycin 
antibiotics, the Examiner says a person skilled in the art does not know what an ansamycin 
antibiotic is. For example, he takes the language "the ansamycins constitute a class of antibiotics 
characterized by an aliphatic bridge linking two nonadjacent positions of an aromatic nucleus." 
that appears in an issued US Patent, and makes up a compound that meets the bare limit of this 
definition and asks if this is an ansamycin. There is no evidence or reason to imagine that this 
compound (1) exists, and (2) is an antibiotic, Applicants submit that this approach is 
inappropriate. Further it is noted that the compositions are not merely defined as 
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including "ansamycin antibiotics." They require that these ansamycin antibiotics bind to the 
same known pocket on hsp90 to which other ansamycin antibiotics bind. 

The standard of definiteness does not require a person skilled in the art to be able to name 
every compound that falls within the scope of the claim. Rather, it requires a person skilled in 
the art to consider an actual compound, and determine whether it falls within the scope of the 
claims. See, In re Johnson, 194 U.S.P.Q. 187, 194 (C.C.P.A. 1977)(observing that claim is 
definite where "those skilled in the art would have no trouble ascertaining whether any particular 
polymer falls within the scope of the claim."). The art has an understanding of the meaning of 
the term "ansamycin antibiotic." That is may not meet some absolute standard does not mean 
that the term is not definite to persons skilled in the art. 

B. The term "linker" is Definite 

The Examiner also rejected the claims based on the term linker, asserting that "nature of 
the linker is unknown." From the Examiner's recitation of possible linker options, it is apparent 
that the Examiner is equating breadth with lack of definiteness. Case law is clear, however, that 
the two are not the same. See, In re Skoll, 187 U.S.P.Q. 481 (C.C.P.A. 1975). The specification 
states that "the two hsp-binding moieties are joined by a linker." (Page 4, lines 14-15). Thus, the 
recitation of a linker in the claims requires that there be something in between the two ansamycin 
antibiotics. The person skilled in the art would have no difficulty looking at a particular 
compound and see if there was something (a linker) present. Thus, there is no lack of 
definiteness based on this term in the claims. 

The Examiner also states that the characterization of the linker as having a length of 4-7 
carbons is unclear. The linker extends from one ansamycin antibiotic to the other. The 
specification states that "in general the linker will be 1 to 9 carbon atoms in length" (Page 4, lines 
16-17) and provides examples of dimers where the linker is 4 to 12 carbons in length (Table 1) . 
The specification further refers on Page 5 to the linkers of differing lengths depicted in Fig. 2. 
Thus, a person skilled in art, having read the specification would undertand that the phrase "a 
length of 4 to 7 carbon atoms" is indicative of a chain of 4 to 7 carbon atoms that extends 
between the two ansamycin antibiotics. There may or may not be substitutions on this chain, or 
unsaturation (for example a double bond) as indicated on Page 4, line lines 17-19, and Fig. 1. 
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C. The term "bind" is not indefinite 

(Claims 3, 4, 6. 12-17, 21-23, 27-34) 

This ground for rejection is not applicable to claims 9-11, 18-20 and 24-26 in which the 
term ansamycin antibiotic, and thus the hsp-binding moiety is further defined as geldanamcyin. 

The Examiner asserts that the scope of the compounds claimed is indeterminate because 
the term "bind" is indefinite. Applicants submit that this basis for rejection is in error. 

In support of his position, the Examiner argues that "there is no way of knowing whether 
a given compound would bind," and that "binding is a process which cannot be observed, merely 
inferred, which is unreliable." Applicants point out, however, that the art of record in this case 
establishes that persons skilled in the art have been observing the interaction between ansamycin 
antibiotics such as geldanamycin with hsp90 for some time, and calling this interaction 
"binding." For example, the Stebbins reference (of record, attached in the Exhibit Appendix) 
refers to binding of geldanamycin to hsp90 as an observed phenomenon, and then determines the 
crystal structure of hsp90 and the location of the binding pocket. 3 Thus, both the meaning of 
binding, and the specific pocket referred to are clear. 

The Examiner has not established why a person skilled in the art would have difficulty 
understanding whether a given compound falls within the scope of the claims. Accordingly, the 
rejection under 35 USC § 103 should be reversed. 



3 



It is noted that the crystallographic observation of the geldanamycin - hsp90 
complex contradicts the Examiner's assertion that the binding cannot be observed. 
However, such observation is not necessary for the claims to be definite. 
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EL Conclusion 

Applicants submit that the rejections of the present claims under 35 USC § 112, first 
second paragraphs, are in error and should be reversed. 



Respectfully submitted, 




Marina T. Larson Ph.D. 
PTO Reg. No. 32,038 
Attorney for Applicant 
(970) 468-6600 
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Claims Appendix 

3. A chemical compound comprising first and second hsp-binding moieties which 
bind to the pocket of hsp90 with which ansamycin antibiotics bind, said binding moieties being 
connected to one another by a linker, wherein the first and second hsp-binding moieties are each 
an ansamycin antibiotic and retain the ability in the chemical compound to bind to the pocket of 
hsp90. 

4. The chemical compound of claim 3, wherein at least one of the hsp-binding 
moieties is geldanamycin, and the linker is connected to the 17-carbon of the geldanamycin . 

6. The chemical compound of claim 4, wherein the linker has a length of 4 to 7 
carbon atoms. 

9. The chemical compound of claim 3, wherein the first and second hsp-binding 
moieties are geldanamycin and the linker is connected to the 17-carbons of the geldanamycins. 

10. The chemical compound of claim 9, wherein the linker has a length of 4 to 7 
carbons atoms. 

11. The chemical compound of claim 10, wherein the linker has a length of 4 carbon 

atoms. 

12. A method for destruction of cells expressing a HER-family tyrosine kinase, 
comprising administering to the cells a chemical compound comprising first and second hsp- 
binding moieties which bind to the pocket of hsp90 with which ansamycin antibiotics bind, said 
binding moieties being connected to one another by a linker, wherein the first and second hsp- 
binding moieties are each an ansamycin antibiotic and retain the ability in the chemical 
compound to bind to the pocket of hsp90. 

13. A method for treating cancer in a patient suffering from cancer, comprising 
administering to the patient a therapeutic composition comprising a chemical compound 
comprising first and second hsp-binding moieties which bind to the pocket of hsp90 with which 
ansamycin antibiotics bind, said binding moieties being connected to one another by a linker, 
wherein the first and second hsp-binding moieties are each an ansamycin antibiotic and retain the 
ability in the chemical compound to bind to the pocket of hsp90. 

14. The method of claim 13, wherein the cancer is an HER-positive cancer. 

15. The method according to claim 13, wherein at least one of the hsp-binding 
moieties is geldanamycin, and the linker is connected to the 17-carbon of the geldanamycin. 

16. The method according to claim 15, wherein the linker has a length of 4 to 7 
carbon atoms. 

17. The method according to claim 16, wherein the linker has a length of 4 carbon 

atoms. 
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18. The method according to claim 13, wherein the first and second binding moieties 
are geldanamycin, and the linker is connected to the 17-carbons of the geldanamycins. 

19. The method according to claim 18, wherein the linker has a length of 4 to 7 
carbon atoms. 

20. The method according to claim 19, wherein the linker has a length of 4 carbon 

atoms. 

21. The method according to claim 14, wherein at least one of the hsp-binding 
moieties is geldanamycin, and the linker is connected to the 17-carbon of the geldanamycin. 

22. The method according to claim 21, wherein the linker has a length of 4 to 7 
carbon atoms. 

23. The method according to claim 22, wherein the linker has a length of 4 carbon 

atoms. 

24. The method according to claim 12, wherein the first and second binding moieties 
are geldanamycin, and the linker is connected to the 17-carbons of the geldanamycins. 

25. The method according to claim 24, wherein the linker has a length of 4 to 7 
carbon atoms. 

26. The method according to claim 25, wherein the linker has a length of 4 carbon 

atoms. 

27. The method according to claim 12, wherein at least one of the hsp-binding 
moieties is geldanamycin, and the linker is connected to the 17-carbon of the geldanamycin. 

28. The method according to claim 27, wherein the linker has a length of 4 to 7 
carbon atoms. 

29. The method according to claim 28, wherein the linker has a length of 4 carbon 

atoms. 

30. The method of claim 13, wherein the cancer is one in which the cancer cells 
overexpress a HER-family kinase. 

31. The method of claim 13, wherein the cancer is breast cancer. 

32. The method of claim 13, wherein the cancer is ovarian cancer. 

33. The method of claim 13, wherein the cancer is pancreatic cancer. 

34. The method of claim 13, wherein the cancer is gastric cancer. 
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•Disruption of the EF-2 Kmase/Hsp90 Protein Comdex: A Possible Mechanic to 
Inhibit Glioblastoma by Geldanamycin 1 ( i t ^ > r J ' 

Jun *ang, Jin-Ming Yang, Marie Iannone, Weichung Joe Shih, YongWand William N Hair 



ABSTRACT 

Glioblastoma multiforme is the most treatment-resistant brain tumor 
Elongation fector-2 (EF-2) kinase (calmodulin kinase 111) is a unique 
protein kinase that is overexpressed in glioma cell lines and in human 
surgical specimens. Several mitogens activate this kinase and inhibitors 
block mitogen activation and produce cell death. Geldanamvcin (GA) is a 
benzoquinone ansamvein antibiotic that disrupts Hsp90-protein interac- 
tions. Because Kinase ft rkager oned by Hsp90, we in vestigated the 
effects of G A oh the viability of glioma -cells, the expression of EF-2 kinase 
protein, and the interaction between Hsp90 and EF-2 kinase. GA was a 
" p _ otent inh ibjtor of the clonogenicity of four glioma cells lines viih lC- Q s 
ranging frorT Tjo^Ig^ (1?. 
A AG), a less toxic and less potent derjvathToTC*rm ^ 

■T98G cells. Treatment of cell lines for 24-48 h of GA~oT l7-AAG i Sr 
rupted EF-2-kinase/Hsp90 interactions as measured by coimmunoprecipi- 
tation, resulting in a decreased amount of recoverable kinase in cell 
Ivsates. The ability of GA to inhibit the growth of glioma cells was 
abrogated by overexposing EF-2 kinase. In addition, . 17-AAG signif i- 
cantly inhibite d^ the growth of a glioma xenograft in nude mice. These 
studies demonstrate for the first time the activity of GAs against human 
gliomas in vitro and in vivo and suggest that destruction of EF-2 kinase 
may be an important cytotoxic mechanism of this unique class of drug. 



known as tF -2 kinase (i 1-13). EF-2 kinase phosphorates eEF-° in 
response to elevation in intracellular calcium, which leads to'tb- 
in^vauon or .his transition factor (J4. 15). Additional studi^ 
defined EF-2 x.nase as a proliferation-dependent and nnio-n-acti- 
vatea enzyme m a variety of normal and malignant cell tvpes f!6 17) 
The cloning and sequencing of EF-2 kinase led to the realization 
that u represented a unique enzyme family (13). Except for the 
landing S1 re ; t F- 2 kinases from several different snecies exhibit no 
sequence homology to any Ca^/calmodulin-deoendent protein ki- 
nase, or to any member of the eukaryotic protein kinase superfam.lv 
however, EF-2 kmase does have homology to the catalytic domain of 
myosin heavy chain kinase A (MHCK A) from DicNostelium The 

a U cTt e v UmC T f£atUreS ° f £F " t0 * ether --ased - 

activity m malignancy and cell-cycle dependency, makes it a novel 
■target for anticancer therapies. 

In fact several lines of evidence suggest that inhibiting the activity 
of EF-2 kinase can kill cancer cells. For example, Parmer ef al. I > 

cZTZ g S ' h 0ttIerin ' ? EF - 2 inhibi£ ° r ' bl0cksd *«oma 

cells at the G r S phase interface and killed a variety of cell lines at 



INTRODUCTION 

Glioblastoma multiforme is a highly resistant, lethal maiisnancy of 
the central nervous system that represents an increasingly important 
cause of death from cancer in adults and children (1). Current therapy 
with surgery, radiation, and chemotherapy rarelv, if ever, cures the 
disease and infrequently prolongs life for more than 1 year (2). 
Therefore, our laboratory .has been investigating new signal transduc- 
tion proteins as potential targets for drug development." 

Activation of tyrosine kinases through receptor occupation or mu- 
tation initiates several signal transduction pathways that culminate in 
cell division. The epidermal growth factor receptor is frequently 
overexpressed or mutated in human glioblastoma (3-5). Activation of 
phospholipase C by the epidermal growth factor receptor produces 
two second messengers, diacylglycerol and inositol- 1, ^-triphos- 
phate. Whereas the former can participate in mitogen-activated pro- 
tein kinase signaling, the latter activates calmodulin-dependent path- 
ways through the release of intracellular calcium (6-9). 

Wejpreviously found that calmodulin-dependent phosphorylation 
of eEF-2 3 was markedly increased in glioblastoma because "of the 
increased activity of calmodulin-dependent protein kinase 3 (10), also 



Received 10/6/00; accepted 3/16/01. 

The costs of publication of this article were defrayed in oart bv the paviWof pa»c 

?S a , r ?c S '^ IS amde mUSt therir ° rC be her8b y marked ^rtisam'cm in accordance wiih 
ii U.b.^. Section 173-1 solely to indicate this fact. 

CArr?° nSd US?HS GranT CA43S88 and N ' alional Cancer In * lilul = (NiH) Grant 

I Jj 0 ,ot°r m ?"* q ^f S fo ' rc P rin!s - sh0L!id ™ addressed, at The Cancer Institute of New 
Jcrs.y 195 Little Albany Street, New Brunswick. New Jersey 08901. Phone- (73*») "5- 
8064: Fax: (732) 235-8094: E-mail: haJtwn@umdnj.edu ' ' " 

, ti^^^r 7 Tl d ° ng3ti0n faclor 2: HF " 2 kinasc « ^ongation'factor 

" : , C ' . j7 * AAG - l'.-^lytammo-17-dcmethoxygeldanamvcin; BCNU. 1.3-bfcP-chJoro- 

!XSE5T£& seldana,nycin: H * m hiat shok ' prolsin W; PMsi ^ 1 - 



ti rantiy 

conc e ntrauons (1-10 nM) that were consistent with IC, oS for enzyme 
mhibition (IS). Antiserum RNA to calmodulin (19) and EF-o iW 
markedly decreased the clonogenicity of rat and human slfoma cell 
hnes. Therefore, jdentification of new drugs that block the function of 
EF-2 kinase may lead to new types of anticancer dni»s 

During the purification of EF-2 kinase (20), we fou°nd the enzyme 
to be tightly assorted with Hsp90 as previously demonstrated by 
Palmquist « al. (21). Hsp90 is a protein chaperone responsible for 
rnatntaimng proper protein folding and stability (22). Recently, a new 
c ass of drug the GAs was found to disrupt Hs P 90/prot e in interactions 
■ (o). These benzoqumone ansamvein antibiotics were shown to have 
antitumor effects in cell culture and experimental animals (24). Re- 
cently 17-AAG, a less toxic and less potent derivative of GA has 
entered Phase I clinical testing (25-77) 

Because the activity of EF-2 = kinase~ is 'markedly increased in human 
glioblastoma and is chaperoned by Hsp90. we examined the effects of 
the GAs on this lethal malignancy of the central nervous system. 

MATERIALS AND METHODS 

Cell Culture. The C6 /V-nitrosomethylurea-induced rat -lioma line and ,h. 
hummed! line, T98G (glioblastoma). Daoy (medulloblasioma^ and SK\'SH 
(neurob.as.orna) w e « obtained from The American Type Culture Collection 
TJY1-R and TJY2-D cell imes were derived from T98G cells by stable 
transfecuoa w.th e.tner antisense or sense cDNA of EF-2 kinase. These two ' 
c 11 Unes expressed euher low or high amounts of EF2-K orcein, respectiv-lv • 

100 unu,/ml pen.cUlm and 100 mg/ml streptomycin. TJYI-Rand TJY^-D cell 
lines were maintained in the same medium as T98G. but were suoplemen.ed 

?£2c3 taI , ° 418 - 06 Md SKNSH ce,!s w:rj cu,,ureJ in 

S rn r : , , r " W£re maintained in a humidified at 37«C with 

3.c C0 2 . C:\k ,n log phase were.grown in' 100-mm tissuecuhure ola, es and 
treated wuh GA or 17-AAG as indicated in the fi mre | e .., d ' 
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Drugs. G.A and i /AAG 'v-r. n hr-iin *,j n c • - 
n oocjined '—.m Drug Svntnesis and Ch^i<'-r 

Brand, Develops. Therapeutics Pn .. Di,^ 0 „ of Cance S„ 
ana Diagnosis or the N.iona. Cancer , nst!tute in the form of a ,v„ ^ 
powder. Tney were stored in dark. w«h, , mt ,ir~ v -r—i- ' 
in OMSO immediately before use. ' = "" 7 lecoMctwed 



Clonoyenic Assay.?. 



" - C . v:o;i '^=liy of OA and 17AAG was cererrrine-i -n V 
• * n ° SemC aSia --'- rour X « *IU or 5 X 10= T9SG cells we, M \ 
60-mm [ls$ue culture dishes and allowed to adhere overni^ TV ^, Js ' ^ 

, Wn ( T d 10 various coac «^on.s of dn,g runsins fromO.CMOO ™ 
(comro. cultures were created with 0.0!% DMSO) and incubated for Wh 
a , / C. The meo,um was then removed and replaced w it „ fresh medium fre l* 
of da,,. Atter ,-10 ays of growth, colonies were fixed and s:a,ned wi* 0 £ 
methylene D !ue. CoIon.es with diameters of 2 mm and larger were 
using an electronic counting pencil ~ u 

Preparation of Ceil Homogenates for Detection of Cellar EF-' 
Kinase. Celi monolayers were washed twice in PBS f pH 7.4), screed into" 
]J-mI centruuse tubes In 5 m< of PSS •,„,) . : "-"-P e - lnt ° 

• i m;„ r.ii • ~„ Ihen :£nt '- fu g«l at 1.000 X . ibr 

I 9 5 WSr£ ho ™==m 2 ed with 15 strokes in ice-cold HOMO 

butfer f:o m.M HEPES (pH 7.4). ,00 m,v sodium chloride. 20 mu odif^^ 

-od V ^ ?' SF ' 10 ^ !SU -^- - «* pepstatin A Ind O 1 
n,M .odtum onhovanadatej, using a Polvtron homosenizer The homo-nate 
were then centrituged at 15.000 x , for 30 min „>C. The urolein cC 
rauon or the supernatants was determined according to the method "3 at 
. ford ustng a B.o-Rad protein assay kit (Bio-Rad Laboratories. Richmon CA) 
Twenty M g of protein from each sampie were used for EF-2 kin J ,ec^ n 
Sample volumes were adjusted with HOMO buffer. Samoles were boil d w "h 
• 3X Laemm), bul er [190 m.M Tris (pH 6.8), 6* SOS." 30% g !vce 0 ^ 

Immunoprecipitations. Cell monolayers were washed twice with PBS and 
Lvsed wuh NET lysis buffer [50 m.M Tris-HCl (pH7 4) 150 m , YaH n w 
NP40, !.0 m M EDT.A, , m M PMSF. and 1 » apro Ln] at i C f^ O ^n £J 
were scraped into 1.5-ml microcentrifuge tubes and incuba. a 7 C wS 

~! 7c - pas ? chrough a 25 - gause ^ and ^ 

U000 X g a t 4 C ror 30 mm. The protein concentration of the supernatant* 
was determined using the Bio-Rad protein assay kit iu I*™<s 
Immunoprecipiadons were performed using 2 mg (C6 cells) or 1 m= (T9SG 
ce, ,) ot protein from tota. cell iysates as starting materia!. Reaction voInS 
- re equalized using NET buffer. For Hsp90 precipitation. 4 ^ of anti-H,o90 
po ydona. anabody (Santa Cruz Biotechnology, Santa Cru,a, 2 
0 each sample. For EF-2 kinase precipitation. 4 ^ of a „ti-EF-2 kase rabbit 

York NY) was used. Immuncoredpitation of samoJes with pre.mmune serl 
w-. used as a control After .-4 h of rotating i ncu bation a 4=0 80 J 

P Z 7 tn° St ° L ' 4C {50% NET bUt ' fer: M ™ Pharmacia Blotch 
P.sca,away. W) were added. Tubes were incubated ovemi-ht at 4<C it 
rotat^At the end of the incubation, satnp.es were centrifu.Jd at 15^,00 T, 
wi h net \7' . SUPen,atant W " diS " rded BeadS — washid 
PMSr. After the nnal wash. 30 ^1 of LaemmU buffer were added and The 
samples were boiled for 5 min. After a 3-min «m B ,, . , r*y> x ° ' the 
were loaded onto a 8% SDS-PAGE gel. ' " ^ iUpernatanls 

Western Blot Analysis. Proteins resolved on SDS-PAGE were transferred 
«u. 0S e .embranes (Hvbond ECL; Amersham Pharmac 5^ 
M mbranes were f.rst blocked with 10% milk in PBS-T ,PB&0.1» Tween) 

mdkPBS-T tor EF-2 ktnase detection. For detection of Hsp90. the anti-HsoW 
-obtt antiserum was used. An anti-0-actin monoclonal mouse ascites (S >m 
Chemical Co St. Loui., M0 , was used for detection of /3-actin. Afte a ^ 
.ncuoafo, with the primary antibodies, membranes were washed in PBS-T 
cu ated w ,th horseradish peroxidase conjugated secondary antibo e (.Am 
- ham-Life Scence). and washed again with PBS-T. M, standards (Bio-Rad 
^boratones. Richtnond. OA) and authentic EF-2 kinase were used to deter 
m.ne the pos.t.on of the proteins of interest. Proteins were visualized u in > 
Amersham- Pharmacia ECL detection reagents. Blots were scanned bv U^S 
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Generation of f * e Cell r -n^- r 
Kinase. pST.AR ve. w , s Levels of E~.~> 

i-uced gene expression ] n ^ 
conferred constitutive egression o- a However, this vector 
have tested which was ifciv attribu^e'^ '"f T ^ :hal 

cytomegalovirus and 5 V ^ -i-* " U>i 01 lWO Si70n " ^ron:o[--s 

. -ase cDNA was inserted i,;^! '"' ^ EF-2 

both antisense (AS) and sepse -S) Zi'~ V'"* 3 ™ o! '- cST -^ in 
fpJYHii and sense ( P ; YH2) Co ™ : ^ «?^sing AS 

human glioma cells by liposome-medi^^ " ™ T9SC 

distant colonies were'-xo- l-Z " ,n 500 0418^1 3- 

-He extracts of each ^ Cyio- 

gation and were analyzed for EF - '-^7 ' noroo 8 4, ""»on and centrifu- 
TJri-R clone was found to ex.re j CI Wes ' e "» Wot. The 
T/y:.D Cone expressed HUH ^7^^ ^ Pr0i4in - T - 
compared with that of TJY1-R " ~~ se mRN ' A and protein 

Treatment of Glioma Xenografts with J7-A4G ' O* - „ 
antnmic phase were removed from cu\J. <i , * rown nt !os - 

washed and resusoended in PBS ^„., " ^'P sini «iion. then 

(1-6 X 107100,1) were iniect dtj ftfj "J ■ '° ""^ Csi ^ 
-ice (.ale, 5 weeks old: f aconic Ge™ ^ ^ f ^ ^ 
were measured daily with a Vernier caline- t£ u ^ Sr0Wn tQm0rs 
mm) of the tumors were taken and LIT , f n?th (i; and width (*i in 
formula: V = (W » x £^Xh ' " h V° C, - lcu a,e thi ^ W, using the 
tumor volume reached 60 mm' hitic/ a,tW ln ° cul:!ti <>n, -hen the median 
—r volumes. Wi, hin ^ P ^ ^7^^ ° ( ^ 
1 7-AAGot vehicle. Animals reeved i n in • • assi S n8d 10 *i*er 

vehicle on days 2. 3, 4. 5. ^ ^"^7^ « (8 ° ^ or 

Statistical A.nalvcic tu* . ■ * ' * 
vo.umes betwee^ wi e ^n ;: s teSt ^ ^ ! ° ^r 
volume) on day 5 M dav '"r" 1 ^ L °= S ( tUm - 

model w,th treatment and day as" 2 " Jl" ^ ^^^nt 
correlation structure (29). ' order aut oregressive 



RESULTS 

Effect of GA on Cell Growth and V'abilirv w • 
effects of a 4S- h incubation with £ *e 
mcity or human T98G (o|i ob . n „ nm n AA<J on the clonoae- 

SKNSH (neurob,asto m 3 c ,T GA S "° blaSt ° ma) 3nd 

SKNSH cell vi abliitv B8G - ^aov, and 

C6 cells was 13 n.v and for T98G cells was 35 2 Re S^f* 

GA against the same cell line " than the IC ^« vaI - of 

Effect of GA and 17-AAG on EF- 7 Kinase Prnt • r> 
analyze the role of- EF-' 7 kirns, in7n 6m Content " To • 

whether or not GA Zl^^^ ^ ™ *«« 
cells. T98G cells were incubate t h 0-0 ^ 
left panel). Cell homogenates were co ecled ^ E k " ^ l4 ' 

cells treated w„h GA for £° h ^'^'g Wre ^ » C6 
70% after treatment vvith l-iO ^Sf^A^™^^ 
creased-EF-2 kinase by 40-50% ^ ^ 



EFFECTS OF GA CN GL:"OBLaSTOMA AND EF-2 KINASE 




GA (nM) 




o .001 .01 



1 to 100 



17-AAG {nM) 



- 20 




BCNUOiM) 

Fig. I. Effect of GA, 17-AAG, and BCNU on the clonoeenic survival of slioma and 
otncr cell lines ot neurogenic origin. Murine glioma (Cd). human glioblastoma (T98C) 
human neuroblastoma {SKNSrf), and human medultoblasioma (Daoy) were cultured as 
oesenbed in "Materials and Methods." Cell lines were exposed for 48 h in varvine 
concentrations of - GA fA). 17-AAG (5). and BCNU (C). Cells were then cultured in 
drag-free medium and allowed to grow for another 7-10 days. Colonies were stained with 
methylene blue and counted with an electron counting pencil. Each point represents the 
mean ot Lhree determinations from one of three similar experiments; bars, ~ SE Controls 
(vehicle-treated cells) usually contained 100-300 colonies. 



antiserum or preimmune serum and protein-A beads to ^unocre 
HS?9 °- W — ^ - -rnbrane " r e S t " 

0 ;°f; VU : 2n r Er ; 2 ?™ ?^lonai antibody and then 
.c^eda.d slotted wah anti-Hsp 90 polyclonal antibody Fio 3 * 
and 5, demonstrate that approximately equal amounts oFHs**o'(fr 
torn panels) were precipitated under each condition. irV Jdnase 
(upperpanels) was coprecipi tared with Hsp90 in vehicle-treated ceils 
(Lane 7) out noi w lt h preimmune serum (data not shown)! which 
connrmed the association of the kinase with Hsp90 in both T9SG and 

rVTT^ GA ( ^ 2) ° r 17 " AAG ^ i) si^nifi. 
can^yreduced the amount of EF-2 kinase that was coprecipitatedwith 
Hsp90 in both cell lines. 

To exclude the possibility that the apparent decrease of Hsd90 
association wuh EF-2 kinase was merely the result of decreed 
overall kinase protein, we investisated the eff-ct of shore- 

incubation times with higher concentrations of dru* In these -xoe'' 
.ments cells were incubated with 3 M m GA {Lane 4) or 6 M M 17-AAG 

n ?9Sr o % 3C dem0ns!ratss ^ amount of EF-2 kinase 
in T9SC or Co ceils was not significantly chansed under thes- 
condnions^Tne amount of EF-2 kinase that was coimmuno P reci pi : 
ated with Hsp90 under these conditions was markedly decreased (fZ 
j, .4 and B, Lanes 4 and 5). . = ' 

We next determined whether antibodies to EF-2 kinase could 
jmmunoprecpitate Hs P 90 and whether GA disrupted the interaction 
Imraunoprecipitation was performed using an anti-EF-2 kinase anti- 
Table 1 Effea of OAs on the clono S eniciry of glioma and other cell lines of ■ 
neurogenic origin 

^^^r of * ^^^^ 



Cell line 


GA IC S0 (n M ) 


17-AAG IC 50 


(nM) BCNU rC 50 


C6 

T9SG 

SfCNSH 

Daov 

TJYl-R 

TJY2-D 


2 ± 0.1 

3 ~ 0.2 
1 ±0.1 

1 ±0.1 
0.4 r 0.04 

2 ± 0.1 


• 13 - 1.8 
35 r 4.0 


5 r 0.2 


A 


GA (nM) 




17-AAG (nM) 



EF-2 
kinase " 

S-actin- 



B 



EF-2 
kinase 



Effect of GA and 17-AAG on Hsp90/EF-2 Kinase Interactions. 
"We next carried out coimmunoprecipitation experiments to investi- 
gate the effects of GA and 17-AAG on Hsp90/EF-2 kinase protein 
interactions. T9SG (Fig. 3A) and C6 cells (Fig. 35) were treated with 
10 nM GA, 40 n.M 17-AAG, or vehicle (0.1% DMSO) for 24 h (the 
optimal conditions for reducing the cellular content of EF-2 kinase as 
shown above). Cell lysates were incubated with anti-Hsp90 rabbit 
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P-actin- 




10 20 40 . 



C6 cell 

W) F atc6 £ ^%? AS ° n COniCm ° f EF " : Un ^ ia giioblastom^cel! lines. T9SC 
(A and C6 cells (5) w erc grown in culture as described in "Mate;:* an d M^odo 

™7*t wiih ^ or * « 

« ^ k S I ' " W£fC MSa - Ved t0r Lhc comenc of cioneation factor " kin,- and 



DMSO 



Drug 
Cone. 



was absent in 



C.A 

10nM 
24 



1/-AAG 
40 nM 



GA 

3 llM 



17-AaG 
6 LiM 
3 



Kinase 



Ksd90 



B 

EF-2 _ 
kinase 



Hsp90- 






Drug DMSO GA 17-AAC DMSO GA 17\AG 
Coac. . 3 ^ M 6aM 



3 MM 6 fiM 




P-actin 



T98G 



C6 



t*X H ) ^ aniib0di " * H*90 in ce, J | ysates 

hm 17-AAG ^ m^^^^tt h C H 1 CA "T 40 

with 3 ^.m GA (Lam 4) 0r 6 um 'i 7 * A r ■/ , ' i h ' Cells wcre 3,50 treale «' 

" wi,h ard-HspW „^ i ^ ^ ^ ^ 3 h ' ™ ^ «™ inched 
Western tranVr -h* ™ u pr0 '!* n A bead!> to ^munoprccipttatc H.sp90 After 

2. Z % tsZtaZ T-hT pr f ed " vi,h ami - EF - 2 *™ &y*^ 

bio, 1S represen ; a[i C e ^L'iaTii ri^nt 17 -^ G ^-^"^ror3 , Each 




T98G 



C6 



male! ^ G TWS'c«° r n Sp9 ° '° y anabodics «»*« kinase Ln cdl lvsates 



body and cell lysates from T98G and Co were treated with either 
veh.de or 3 M m GA for 3 h (Fig. 4). Similar amounts of EF-? kin >se 
were recovered under each condition (loner mn el\ Hsd90 "w.n S co- 
precipttated with EF-2 kinase >n vehicle controls (Lanes ) and }) but 



mmune-complM from GA 



■treated ce 



" lysines 



(Ltir.es 2 and 4). 

ZtTeci of Overexpression of £F-2 Kinase on C s a .- ■ 
next determined whether the eff-t of cT We 
abrogated by overex.ressin, r^lZ ™ «*« be 

compared ■.h-e.sensitiv.Tv in r.i. ..... „ .. -^-e, : ., 1 e i ..is. we 



'sty to GA in two c 



'■ocei! lines ;hat express differ 



leveis of EF-2 kinase. TJYi-R and Tjy^D -InT * 
"ner stable transfection of T9SG cell's ^ e - Z *"* ' SOiated 
EF-2 kinase expression vec-s Try . p mitiSensi 0r sense 

kinase exoressionafte-'tra^ ^ in ^ ^ Se ' eCted bilssd OT low 
„,„.. . • , w "Election with antisense RNA- Try? -> 
selected as a clone expressing hi=h EF-? k .> w ^ ' ' A2 " D vvas 
sense RNA. The Western blor in Fio % /'^ 3lier transr ^on with 

rooust based on morpholo-v and a a,„w ' WaS the m ost 

with the sense translctanf fd™ , Iha! *" as consistent 

xmiMccian^s (aata not shown) Fia . ^ -r L . 

demonstrate that cells that overexpress £F-^ kinl ? J*" 1 
sensitive to the cytotoxic effects of GA fIC f ?? '"^ k " 
cells with less EF-2 kinase content fir* nT ^ 

Effect of 17-AAG on Glioma Grovvth ^11 t 
GAs remained acuve a2a i ns t .^oma w T ° t£St Whether 

Jhe effect of 17-AAG on the ^Z'oZ'ZZ S ZT™ • 
C6 ceils were implanted in sixr-n m" , U nude mice - 



A 



TJY2-D TJYI-R 
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* 1 1 io 100 

GA (nM) 
Hg. 5. GA sensitivity of 79 sn i ■ 
kin-c .4, expre^ion or HF.-> kiw w iri TOX* T MpreS,in 8 difent ^ of SF-' 

m c: " fees. Drug .sensitivity d e lmin t h C ' 0n °- S;n,c su "«' of TJY2-D ; ,nd 
24 h. by washing a „d allowing Z cdl L " ^'"l 8 CCUs, ° ™ GA for 

••v,th .neftylc* blue. Colod^crc it '„ " ,'° ^ and b >' -^i»S 

a.s a^enbed in "Matcrbb and Methods Eich'-mint ^ '"^^ cou "'i»S! ocneii 
«nt a ,iv e of two .similar experimcn u tn " \? feprcs « HS f~« « « 0re - 



EFFECTS OF OA ON GLIOBLASTOMA AND Er-2 KINASE 



50C0 ■ 



w 3000 -: 



■§ 2000 H 
% } 

I | 
1000-1 




12 
DAY 



13 



22 



Ftg. 6 Eifect of I7-AAG on the growth of C6 alioma xeno grafts. CS cells 
(1.6 X I0"csils/mouse) were impiamed into the flank of 16 Swiss nude (" u/,lu ) mice. On 
the 12th day after inoculation (day 1 in Fig. 6), the mice wzit paired in two -roups'and 
- were randomly assigned to treatment. 17-AAG (SO mc/kg) or vehicle were injected via the 
intraperitoneal route on days 2, 3. 4. 5, 3. 9, JO. 1 1. and 11 Each ooint represents the mean 
volume of the eight animals in each group; bars, r SE. The differences in tumor volumes 
bciween the two treatment groups were statistically significant (P < 0.017) at all time 
points from day 5 to 'day 22 [least-square .mean of logftumor volume) 0 91 =013 
(mean r SE)]. 



treatment began. Fig. 6 demonstrates the ability of 17-AAG to sis- 
nifjeantiy inhibit the growth of C6 glioma. The mean tumor volumes 
of the two treatment groups were not statistically different before drug 
treatment (day 1; P > ^0.752). The differences in tumor volumes 
between the two treatment groups were statistically significant 
(P ^ 0.017) at all time points from day 5 to day 22 [least-square 
means of log(tumor volume). 0.91 ± 033 (mean i SE)]. No signif- 
icant weight loss, changes in activity or deaths were observed during 
the period of drug treatment. 

DISCUSSION 

The need for new treatments for glioblastoma is highlighted by its 
devastation to both children and adults. Despite the recent introduc- 
tion of an oral alkylating agent, temozolomide (30-32), very little has 
been added to prospects for increasing overall survival in patients with 
this .disease. 



Disruption of Hsp90 chaperoning represents a novel approach to ^ u « c ^oj - wnicn nas been imnlir^rf ■ 
developing new anticancer therapies.. Numerous proteins induced in formation (45 5 i) Treatment o lun. '"^enic trans- 
the growth of malignant cells associate with Hso90 (22, 331 Imerfer- p ,« J* It t.^J™ 1 ?™ ?L 1 ™* Cancer cel] h ™ expressing 
■ ' p ;~ Auana L/-AAU showed synergistic activity (5*>) 



101 Shoblast0ma (j9 " 4 ^ 17 - AAC - * less potent inhibitor of KsdW 
protein mteracuons (25, 26) compared with GA. i s a ; so a ]ess ?otern 
mhioitcr ox aonogenicitv in T93G and C6 cells, with rC, n v a . u - s 
rang^g from 13 to 35 n.M (Fig. 1; Table i). It is nevertheless a ootent 
compound wnen compared with 3CNU. 

To determine whether or not the cytotoxic^ 0 f GAs was attr ; b . 
tuaoie, at .east in part, to inhibition of EF-2 kinase activitv throu ' oh 
disruption or Hs P 90 chaperoning, we carried out a ser-s "o" -w-" 
■ments to measure both the association and depletion of the 'en- 
zyme. These studies revealed a good correlation between the 
concentration of drug required to disrupt Hsc90/EF-^ kinase in 
pactions and effects on clonogenic survival. For examn] e , after a 
-4 h incubation .of T9SG cells with 10 n.M GA there is a >s 0 <% 
decrease in EF-2 kinase (Fig. 14), which correlates with r h » } C 
ot , hm obtained by clonogenic assay after exposing thesis to 
d.ug for-43 h (Fig. l; Table l).We chose the shorter incubation 
penod to evaluate the effect of drug exposure on kinase degrada- 
tion to avoid the pitfalls of studying the effects of dm* in a 
population in which one-half the cells were dead or dyino = Simi- 
arly we found a 70% decrease in EF-2 kinase in C6 cells Exposed 
for 24 h to 10 n.M GA, which correlates with the IC 30 value of 2 n M 
obtained by clonogenic assay after exposing the cells to drug for 
-a n. ine iC 50 s in .clonogenic assays for 17-AAG were 5 to 
10-fold greater than those of GA, which correlates to the decreased 
potency of this derivative in producing loss of the kinase (Fi* 24) 
Interference with the chaperoning function of Hsp90 is known to 
be = detrimental to associated kinases. GA disrupts the binding of 
Ex -- ^nase to Hsp90 as measured by coimmunoprecipitation (Fi* 
3 and 4). The disruption of this interaction is associated with 
decreased EF-2 kinase protein content (Fig. 2). Schulte et al 
demonstrated that the serine/threonine kinase, raf-1 is rapidlv ' 
destabilized on addition of GA. which disrupts the Raf-I/Hsn 9 6 
molecular complex (38). The disappearance of EF-? kinase in : 
glioma cells treated with GA is likely caused by this mechanism 
Tnese data are consistent with a proposed mechanism by which 
GAs disrupt the chaperoning of critical cellular proteins leading to 
targeted degradation (38, 43, 44). Further insight may be. 2 ained = bv 
investigating the mechanism by which the EF-2 kinase protein i's 
degraded. Published reports (45-47) point toward the role of GA 
in targeting proteins for proteosome degradation. 

GAs are likely to affect numerous intracellular taroets that are 
critical for cell viability. In addition to raf-1 (26. 48-50) both GA 

1M S Pte " 11S ° f the trans ™™brane P™ein tvrosine 
kinase pis." 3 -, which has been implicated ,n oncotic' trans- 



• ence with this interaction targets the nonassociated protein for degra- 
dation (34-38). Therefore, it may be possible to target proteins 
important for the growth of malignant cells by disrupting their asso- 
ciation with Hsp90. 

EF-2 kinase is an attractive target for the treatment of high-srade 
astrocytomas and perhaps other malignancies. The '" markedly in- 
creased activity of this enzyme in glioblastoma multiforme (17) and 
.the cytotoxicity of specific and nonspecific inhibitors for this kinase 
support this concept (18). Because EF-2 kinase is chaperoned by 
Hsp90 (20, 21), we examined the effects of GAs on glioma and other 
malignant cell lines of neurogenic origin and found these drass to be 
potent cytotoxic agents that disrupt Hsp90/EF-2 kinase interactions. 

GA is a potent inhibitor of the clonogenicity of several cell lines 
including T9SG and C6 glioblastoma, Daoy medulloblastoma. and 
SKNSH neuroblastoma (Fig. 1). Table 1 lists the IC, 0 values obtained 
after a 48-h exposure to GA that ranged from 1 to 3 n.M. For C6 cells, 
GA is 2500 times more potent than BCNU, a standard chemotherapy 
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17-AAG also destabilizes mutant forms of p53 (47) Therefore to 
understand the importance of EF-2 kinase amon 2 these other 
targets, we transacted parental T98G cells with either sense or 
antisense EF-2 kinase expression vectors. As expected over-x 
pression of antisense mRNA and subsequent decrease' in EF- -1 
kinase (Fig. 5.4) reduced the viability and subsequen. recoverv of 
transacted clones (53). Nonetheless, we were able to studv dm. 
sensitivity by choosing our most robust antisense clone for these 
experiments and compared this with a sense clone obtained durin. 
the same round of transfections. We then chose a shorter dru° 
exposure time (24 h) to measure effects on clonosenicitv * n d = 
repeatedly found the antisense clone to be more sensitive to C \ 
(Fig. 55). This result is consistent with EF-2 kinase bein» an 
important target for the cytotoxicity of GAs in slioma cell lines 
However, despite the excellent correlation between EF-^-kinas- 
content and drug sensitivity (Fig. 5, A and B), 2 iven the difficulty 
in recovering viable antisense clones, we ca'nnot rule out the 



possibility that these are indirect -Yects resuitinsr from cio n .] 
selection. ~ 

Numerous drugs kill cancer ceils in tissue culture but f>r f. tv .. 
retain 3ctmt - v in ani ™l xenografts. We studied I7-AAG a^ins- 
*enogra/ted C6 glioma because it is a less toxic compound aTta 
already enterea chnical testing (26. 27). 17-AAG significantly inhibits 
.he grow-n of established gliomas in animals. Treatment that U s:ar , d 
arter J. days of growth significantly inhibits the growth of >h- 
xenograns (rig. 6). This is particularly promising because the dn.J is " 
uignly l ip; d-solubie and likely to penetrate the blood-brain burner 

In summary, our results demonstrate that OAs represent a new class 
o amtcancer drug that have poten. activity against glioblastoma and 
other malignant ceil lines of neurogenic origin. The compounds dis- 
mpt the interaction ofEF-2 kinase with Hsp90. leading to the destruc- 
tion or this unique protein kinase member of the calmodulin-mediated 
pathway of signal transduction. 
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IN VIVO ANTITUMOR ACTIVITY OF HERBIMYCIN A A TYROSTVF 
KINASE INHIBITOR, TARGETED AGAINST BCR/ABL ONCOPROTEIN 
IN MICE BEARING BCR/ABL-TRANSFECTED CELLS 

National Institute oi Health. Tokyo 162. Japan Molecuies, 

{Received! March 1994. Revision accepted \~July 1994) 

Abstrac t—Herbimycin A, a benzoquinoidansamycin antibiotic ha<shPPncK« * 
oncogemc phenotype of P 60— transformed cells becausf of tL tnhih t " t ? reversethe 
tyros.nek.nase. We previously demonstrated that herbimycin A disc avPri Z? ^ 
on the m vitro growth of Phi'ladelnhia rhrnmncJl v , ais P |a y ed antitumor activ ty . 
transfected murL hemato^ ce,, s and' BCR/ABL- 

tyrosine kinase, in this study, the transformed FOP P? <~oM lnhlb J t,0 n of BCR/ABL protein 
rigenic in syngeneic DBA/2 m^^Z^ttt^f- C f SWere demonstrated to be tumo- 
cells into DBA/2 mice induced inhl^^ transformed tumor 

within time periods proportional to ceS n f^ of ino'cu 'tion In^ ?! the m '' Ce died 
i.p. inoculation with greater than 1 x in 5 celk /n !L ! In mice that received an 

injection inhibited tumor formation and 8 S n ' wZZortZaSV™ ° herbim V cin A b V ^ 
mice inoculated with 1 x 10< cells her b i m SI'S P ro1 ° n 9 e d surv.val time, and further, in 
transformant FDC-P2 cells andto'u ^ 

the /„ vivo efficacy of herbimycin I in mice ^^fr^^f™*"* revealed 
^^v^^^ST 1 ° nCOPr0tein ' P^ein tyrosine kinase, tyrosine kinase 



Introduction 

The bcr/abl oncogene is the product of the Phila- 
delphia chromosome (Ph 1 ). resulting from the 
reciprocal translocation between chromosomes 9 and 
22 which are found in Ph'-positive leukemias which 
mainly constitutes more than 90% of chronic myelo- 
genous leukemia (CML) and approximately 20% of 
adult acute lymphocytic ieukemia (ALL) [1-5]. The 
bcr/abl fusion proteins generating from the hybrid 
bcr/abl genes, ?2\QM M and Pi9rj"«/„w exhi5j ' t the 
deregulated tyrosine kinase activity of ABL and 
oncogenic activity in vitro and in vivo [6-9]. 

Recent progress in the study of the bcr/abl sene 
and its product in Ph'-positive leukemia offers an 
opportunity for developing' several strategies for 
specific therapy targeted against BCR/ABL [10-14]. 
Herbimycin A f an inhibitor of protein tyrosine kinase 
(PiK) that we isolated on the basis of its ability to 
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cause rat kidney cells transformed bv v-src to revert 
to normal morphology with a loss of PTK activity of 
the transforming-protein of P 60-[15], was shown to 
display a relatively selective antitumor activity for 
transformed cells by oncogenes coding PTK[16] In 
fact, we demonstrated that herbimycin A displayed 
a preferential antitumor activity on the in vitro 

°rOWfh Of Ph'.nnclhi.a „„ll c u., „.,. - , , 

dti- noi \" rwS ' 11 ^ ^ tnS u y reducing BL'R/ABL 
[U]. In order to determine whether or not 
herbimycin A may offer a new therapeutic potential 
tor Ph -positive leukemia, we have investioated the 
antitumor activity of in vivo administration of herbi- 
S n /A A ' t n s >' n - 2Sneic DBA/2 mice inoculated with 
i7„ L „ oncoprotein-transformed murine 
FDC-P2 cells. Here, we report the in viuo efficacy 
or herbimycin A on mice bearing BCR/ABL onco- 
protem-associated tumors. 



Materials and Methods 
Murine hematopoietic cell lines 

FDCPM < dependent hematopoietic cell line 

J-UL.-^. [i /| was used in this srudy. As control cells, PSLv 



S67 



868 
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mastcytoma cell line, and P38S. lvrnphoma ceil line were 
used. 

Transfeaion cf retroviral vector exvrsssir.o p^ber/ibi : n!0 
I L-3 -dependent FDC-P2 ceils 

Five million FDC-P2 ceils were cultured bv the addition 
oi a mixture of 30 ul Lipofectin (Gibco, Berlin, German 
and t ug of pGD210 retroviral vectors expressing p->io^' 
oncoprotein [3] for 16 h in serum-free Opti-MEM (Gibco) 
m the presence of recombinant murine IL-3 (rmIL-3) which 
was prepared from COS-1 cells transtected with pS^neo 
S?f fl raI " cDNA. The cells were selected in a 

• Jp R c! ^LT 6 '?™, 10 which 10% fetal bovine serum 
(H3S) and 600 us/ml geneticin (G41S sulfate; Gibco) were 
added m the presence of rmIL-3 for 10 davs. and were then 

. rurther selected in a medium lacking rmIL-3 for IL-3- 
mdependent growth. In the absence of mIL-3, parental 
or mock P 2IPNeoSV(X)-transfected FDC-P2 cells died 
withm /2h, but G418-resistant pGD210°"-> w -transfected 
eel s were able to grow autonomously in a medium which 
lacked mIL-3. As previously described in detail [P] trans- 

r °? £ u d n? n' P ^f ells ex P r «sed bcr/abl and neo mRNAs 
and the PZIO 5 ^' oncoprotein. 

In vitro growth testing for herbimycin A 

The assay of cellular proliferation was carried out by 
using the colonmeric MTT method. The cells (2 X 10V 
d m!r W ?^ Seeded in tri P lica[ e in 100 ul of 10% FBS-added 
RPMI 1640 with or without herbimycin A, and cultured 
^o^* r ays in 3 humidified atmosphere with 5% CO, at 

r S£ fl / He addh ' 0n ° f 10 ^ d of a 5 m s/ ml stock so >ution 
of MTT (3-(4,>dimethylthiazol-2.5-diphenyl tetrazolium 
bromide) (S lg ma Co. Ltd., Munich, FRG) into each well 
tor the last 4 h, formazan crystals were solibilized in 100 ul 
of isopropano!-0.04N HC1, and then the plates were 
measured on aMTP-100 microplate reader (Corona Elec- 
tric Tokyo, Japan) using a test wavelength of 570 nm with 
a reference wavelength of 630 nm. 

ABL™ bl ° !tinS ° nd imrrtlme complex kinase assay of BCR/ 

Transformant FDC-P2 cells were cultured for 16 h in the 
presence or absence of 0.2 ug/ml of herbimycin A, where 
ce viabilities of both groups were more than 90% The 
cells were lysed in the presence of kinase and phosphatase 
inhibitors, as previously described by Lon°o [181 The 
lysate was clarified by centrifugation at 4°C,"and 20 u* of 
proteins in the supernatant were separated by SDS-PAGE 
in reducing conditions (100 mM dithiothrei'tol) Proteins 
were blotted onto a polyvinylidene difiuoride (MiiliporO 
membrane. The BCR/ABL oncoprotein was identified 
using a monoclonal anti-ABL protein (Ab-3, Oncogene 
Science, Mineola. NY). e 

The immune complex kinase assay was carried out bv 
using a modified method of that described bv Kurzrock et 
m. (19 20]. In brief, the cells (1 x 10 7 ) we're harvested 
wasned with phosphate-buffered saline (PBS), and then 
lysed at 4°C by sonication in 50rhM Tris-HCi pH7 =! 
containing 0.15mM NaCI. 0.1% SDS, 1% Triton X-100 
U.3/c sodium deoxycholate, 1 mM PMSF. The dilur»d 
sample was treated with mouse monoclonal antibody 
against c-abL Ab-3 (Oncogene Science), for Ih at room 
temperature and was incubated overman: at4*C. Immune 
complexes with anti-ABL antibodv were precipitated with 
mouse anti-IgG antibody-coated protein A (Zvmed Lab- 
oratories, San Francisco. CA). and immunoprecipitates 



were then reacted with 5 uCi of (v - ^P) AT D for ^ n „;„ 
on ice. Next, immune complexes' were aialvJeionl^ 
.DS-polyacrviamide gels, followed bv auioradio-aphv 
*un an intensifying screen. = pn ' 

Animals 

Seven-week-oid female DBA/? mice wer- u 
Oriental Kobe Co. Ltd (Tokyo,' Japan). " Y 

Examination of tumor cells and tissues 

Tissues were processed for histological examination and 
or Southern blot analysis. High molecular DNAs den'ved 
from tissues and tumors were dieted with resriS 
enzymes, electrophoresed through 0.S% agarose H and 

v 4 a h J 0 ny! ° n . membra "«- The hybridize on 
vv.thah .man ^ -bcr genomic DNA probe (bcr-i: Oncogene 

cSr£dS carned ° ut b - vthe p--i: 

Administration of herbimycin A 

Herbimycin A was isolated as described previously [151 
1 £ v/vw^ !n P hos P^'e-buffered saline containing 
Ittyy Tw K een " 20 - Vari °"s concentrations of her- 
bimycin A were then administrated by i.p. injections dailv 
from days 2-6 and from day 12 to day 6 after ifrh? 
transformed FDC-P2 cells, P51S ceSs o piVc 1 a ce" 
numbers of 1 x 10M x 10* were inoculated intrapeV 
. .toneally ,nto syngeneic DBA/2 mice on the first day 

Expression of results 

Unless otherwise indicated, mean values ± one S D for 
measurements from triplicate culture have been presented 
™ fig , UreS mdicate one S-D. The statistical ana"yt 
was earned out using a Student's r-test, and results were 
interpreted to be significantly different when p< : oSl 



Results 

■ rn vitro antitumor effect of herbimycin A on BCR/ 
ABL-transformed murine cells 
. We investigated the in vitro effect of herbimycin 
A agamst P210»— oncoprotein-associated auton- 
omous growth of FDC.-P2 cells transformed by a 
transfection of the bcr/abl gene. Herbimycin A 
showed no significant inhibition of the growth of 
parental FDC-P2 cells in the presence of the r„i f „ r . 
supernatant of WEHI cells containing mIL-3,' but 
did display an inhibitory effect on the growth of 
transformant FDC-P2 cells at doses showino no tox- 
icity on murine P815 cells and P38S ceils (Fig. 1).' 

Effect of herbimycin A on BCR/ABL oncoprotein 
and tyrosine kinase 

We previously reported that the antitumor activity 
of herbimycin A on Ph'-posuive leukemia cells seems 
S cia "i* ilh an inhit »tion on the activity 0 f 
BCR/ABL PTK m spite of having no effect on the 
expression of BCR/ABL oncoprotein [12]. Similarly 
the immune complex kinase assay of BCR/ABL 
revealed that herbimycin A dramatically suppressed 




Antitumor activity of herbimycin A 



A 



Concentration of herbimycin A f^g/mij 

Fig. 1. Effects of herbimycin A on the in viiro orowth of 
parental FDC-P2 ceils. BCR/ABL-transfected^FDC-F? 
cells and syngeneic murine hematopoietic malignant cells 
Errects of herbimycin A on IL-3-dependent Vowth of 
parental FDC-P2 cells in the presence of the culture super- 
natant obtained from WEHI cells and autonomous orowth 
of transformant FDC-P2 cells by a transection withBCR/ 
ABL were assayed by MTT proliferation assay after cul- 
tunng for 72 h. In PS15 and P3SS cells, MTT proliferation 
assay was carried put after the 72 h and 5 day cultures 
respectively. The growth of PS15 cells and P38S cells was 
not significantly inhibited at low doses of herbimycin A 
showing an inhibitory effect on the growth of transformant 
hDC-P2 cells m the 72 h and 5 dav cultures. The results of 
:> day cultures of PS15 and P38S cells are shown 



the autophosphorylation activity of P2l0 6cr / flW tyro- 
sine kinasein BCR/ABL-transformed FDC-P2 cells, 
while it did not affect the amount of BCR/ABL 
oncoprotein (Fig. 2). 

Mice bearing tumor cells transfected with BCR/ABL 
■ Transformant FDC-P2 cells were transplantable 
by either i.p. or i.v. injection into syngeneic DBA/ 
2 mice, whereas parental FDC-P2 cells were not 
transplanted. Mice inoculated with transformant 
FDC-P2 cells by i.p. injections exhibited a gradual 
increase of abdominal tumors and died within 5-1 T 
weeks post-inoculation. Postmortem examinations 
revealed that tumor cells formed masses on the 
abdominal walls and infiltrated mainly into mesentric 
and retroperitoneal lymph nodes (Fig. 3(A)). The ' 
invasions were observed in the liver, spleen, nancreas 
and peritoneum (Fig. 3(A)), but were not noted in 
other organs including the lungs and kidneys. The 
presence of the bcr/abl gene in tumors was confirmed 
by Southern blot analysis with a human bcr probe 
(Fig. 3(B)). 

In vivo efficacy of herbimycin A in mice bearing BCR/ 
ABL oncoprotein-asspcicued tumors • 
The study regarding determination of lethal dose 
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Fig. 2. Suppression of BCR/ABL PTK activity by herbi-" 
mycin. (A) For the western blottina of BCR/ABL onco- 
protem. transformant FDC-P2 celis were cultured for 16 h 

and he^lT * ° f °' 2 ^' ml ° f ^rbimycin A 

and .hen cellular protein was rsolated. Twenty micrograms 
of protein were subjected to western blottina. (B) Fo 

•FDcTT.nf mplSX k ' na !, e aSSa >' ( ICKA *). transformant 
hDC-P2 cells were treated with or without 0.2 u°/ m \ of 
■ herbimycin for 16 h. After this the cell extract were 
jmmunoprecipitated with anti-c-aW monoclonal antibody 
lhe resulting immune complexes were analyzed for their 
autophosphorylation activities' 

in DBA/2 mice has revealed that LD„, of a single i p 
injection of herbimycin A is approximately 20 m»/k« 
body weight. The intraperitoneal injection of her- 
bimycn daily for 5 days at less than 2.0mg/ko body 
weight was well tolerated with no obvious toxicity' 
A marked reduction in subsequent tumor formation 
and a prolongation in the survival rates were evident 
following herbimycin treatment at doses of 1 0- 
2.0mg/kg body weight in mice inoculated with 
greater than 1 x 1(P of transformant cells (Fig 4(A)) 
Furthermore, the i.p. administration wirhherbimycin 
A at 2.0mg/kg body weight completely protected 
against tumor formation and brought about cures in 
all mice inoculated with 1 x cells, whereas the 
i.p. administration at l.Omg/kg protected against 
tumor formation in two out of five mice (Fi» 4(B)) 
In contrast. PS15 cells and P3SS cells, which were 
not sensitive to herbimycin A in oiiro . were trans- 
plantable into syngeneic DBA/2 mice, and all mice 
inoculated i.p. with amounts of creater than 1 x ]{Y 
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Fig. 3. Histological examination of tumors. (A) Pathological findinas of the Ivmph nodes and the liver Micro-ranh of rh, 

- fflSE 3 W (LN ? Sh ? Win ? the rt " pliICemen! bv fU ™ r *™« Vvsonal cells wilh "rornLnfnucle e 
duct A S r ' M , , "° Srap "f !ntf i,ver: tl,mor Ccll > a « <**rv«l throughout the portal tract (HE x" 0 B bite 

4. I,ver: lane ? . human placenta DN A. Arrow, indicate the siyn;,is derived from bcr/abl gelTe 
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Fig. 4. Therapeutic effects of herbimycin A on DBA/ 1 
mice inoculated with BCR/ABL-transformed FDC-P2 
w-rh , Fl% ? DBA / 2 mice group were administered i D 

n /, Tb ™yfin A (O.lmgAg body weight, A A • 

1.0 mg/kg body weight, 2.0 m E /ks bodv weight' 

ixVnVV ° n T /i and ^ 12 after i>- "inoculation of 
1 x 10 s tumor cells (A) or x x 1QJ tumQr ceUs c 

groups (O-O) were administered with vehicle only III 
significant, p < 0.001 (Student's r-test)' ' 



cells died within 12 weeks. In this case, herbimycin 
A administration had no effect on their survival rates. 



Discussion 

PTK activity has been demonstrated to be associ- 
ated with stimulatory effects of many growth factors 
and with transforming oncogenes such as src abl 
ros, fps, yes, and fes. These findinas indicate that 
a variety of PTK may play a critical role in the 
proliferation and differentiation of cells [22J as well 
as in some malignant transformations of cells, where 
Ph'-positive leukemia is representative in human 
-malignancies. Until now, several tyrosine kinase 
inhibitors including genistein, erbstain and lav- 
endustin have been developed on the basis of inhi- 
bition of EGF-associated tyrosine kinase. In contrast 
to these inhibitors of receptor-type tyrosine kinase 



herbimycin A, which was isolated from the culm-v 

o&r^ cw s ^ mh237 - cf - 8 - £Ss* 

P^g, at modes t concen ^ok*™^™ 
poO« PiX acnvuy [is . Furthermore, we previous '■ 
demonstrated that herbimycin A preferential i sun" 
pressed Plv-posinve leukemia cell growth and I BCr" 
ABL oncoprotem-associated transformed murine 
^ells via tne mn.binon of BCR/ABL PTK actlv^ 

In this study, we evaluated the in oivo efncarv of 
heroimycin A in a murine model bearing BCr"? BL ' 
oncoprote.n-e.xpressing transformed cell's The tran, 
iormed FDC-P2 cells by a transfection of BCR /ab L 
grew autonomously in vitro and were tumoricen in 
syngeneic DBA/2 mice, ,n which the i, S 
o transformant FDC-P2 cells showed the ind on 
of massive swelling of abdomina] , «"°" 
the ^filtration of abdominal organs and brought 
about fatal outcomes in mice. In this murine mocle 
bearing the BCR/ABL-associated tumors" th™ p ■ 

tTITT ° / [ her K bimydn A at concentration o'f 
less than 2 mg/kg body weight for 5 days con- 
secutively for 2 weeks significantly prolonged the 
survival tunes of the mice.when they' were inocu a ted 
with more than 1 x W tumor cells and (unherm J« 
completely protected against in oivo tumor formation 

"fee" Sirn-h C , eiVe H d 1 X CdlS "° °™ «de 
ejects. Sim.larly, Honma has previously described 

the in vwo antitumor effect of herbimvcin A in the 
munne model inoculated with highly ^/-express- 
ing murine myeloid cell lines, CI cells [23]. Recently 
t has been shown that herbimycin A also is a poten 
cwotoxm agamst malignant human tumors with 
primitive neural features, and the tumorieenicitv in 

Tl Z C t tneSeS£nsitlv6 ce » lines can be markedly 
. reduced by system* or topical administration of her- ' 

aSpV aPP3rent t0Xidty t0 the Wh0le 

5vm , c n "'' e "-'^m ana tyrphostins. derivative 
>nthe ics of erbstain. provided an important insieht 
nto future therapeutic developments aeainst various 

ErbB-2 (Neu) through inhibiting PTK activity ps_ 

Furthermore, it has been noted that PTK block- ■ 
ers from the tyrphostin family can' discriminate 

t'iTtVTt ABL transf °n™ g ABL pro- - 
tern, 1.8]. In addition to these studies, our devel- 
opment and study of herbimvcin A. and further 
development of chemical modifications misht pro- 
vide an important insight into future therapeutic 
development according to a new strategy of bcrah! 

oncoprotein-targeted therapy against Ph'-positive 

leukemia. 
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DT-Diaphorase Expression and Tumor Cell Sensitivity to 
17-AllyIamino,17-demethoxygeldanamycin, an Inhibitor 
of Heat Shock Protein 90 

Lloyd R. Kelland Swee Y. Sharp, Paul M. Rogers, Timothy G. Myers, Paul 
Workman 




^ (P. 7 Or TJX)** 



Background: To our knowledge, 17-aIlylamino ; 17-demeth- 
oxygeldanamycin (17 A AG)- is the first inhibitor of heat shock 
protein 90 (Hsp90) to enter a phase I clinical trial in cancer. 
Inhibition of Hsp90, a chaperone protein (a protein that 
helps other proteins avoid misfolding pathways that produce 
inactive or aggregated states), leads to depletion of impor- t 
tant oncogenic proteins, including Raf-1 and mutant p53 
(also known as TP53). Given its ansamycin benzoquinone 
structure, we questioned whether the antitumor activity of 
17AAG was affected by expression of the NQOl gene, which 
encodes tne qumone-nieiauun^in^ v.u**j**»^ ^ - «.« r ...,.<..~-. 
Methods: The antitumor activity of 17AAG and other Hsp90 
inhibitors was determined by use of a sulforhodamine B- 
based cell growth inhibition assay in culture and by the ar- 
rest of xenograft tumor growth in nude mice. DT-diaphorase 
activity was* determined by use of a spectrophotometric as- 
say, and protein expression was determined by means of 
western immunoblotting. Results: in two independent in 
vitro human tumor cell panels, Ave observed a positive rela- 
tionship between DT-diaphorase expression level and 
growth inhibition by 17AAG. Stable, high-level expression of 
the active NQOl gene transfected into the DT-diaphorase- 
deficient (by NQOl mutation) BE human colon carcinoma 
cell line resulted in a 32-fold increase in 17AAG growth- 
inhibition activity. Increased sensitivity to 17AAG in the. 
transfected cell line was also confirmed in xenografts. The 
extent of depletion of Raf-1 and mutant p53 protein con- 



firmed that the Hsp90 inhibition mechanism was maintained 
in cells with high and low levels of DT-diaphorase. 17 ' AG 
was shown to be a substrate for purified human DT- 
diaphorase. Conclusion: These results suggest that the anti- 
tumor activity and possibly the toxicologic properties of 
17AAG in humans may be influenced by the expression of 
DT-diaphorase. Careful monitoring for NQOl polymor- 
phism and the level of tumor DT-diaphorase activity is 
therefore recommended in clinical trials with 17AAG. [J 
Natl Cancer Inst 1999;91:1940-9] 

B e n zoq u i n o n e a n s a rn y c i n s , s uc h as h e rb i in y c i n and g c : ■ . an a- 
mycin (Fig. 1), exhibit anticancer activity by binding to heat 
shock protein 90 (Hsp90) ? a molecular chaperone, and its ho- 
mologue GRP94 (1,2). In this interaction, geldanamycin com- 
petes with adenosine triphosphate at the N-terminal-binding site 
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of Hjp90 (->.}. The interaction results in thi --osome-mediated 
degradation of several important oncogenic proteins, including 
Rar-i. c-ErbB2, and mutant (but not wild-type) o53 falso known 
* TFbj) {4 - 6) - C!eari - V ' *is molecular profile offers consider 

potential nnrinimm- n^fl.^M.. u ~ * .. , 



■ibis potential for antitumor activity. However, both herbimvcTn 
and celoanamycin have limitations as drus candidates bec^s* 
of poor stability and hepatotoxicity (7). This "has resulted "in 
efforts to discover improved synthetic analogues (8) 

One such compound., the 17-allyIamino, 17-demethoxv ana- 
logue of jeldanamycin. ( 1 7-alIylaminoJ7-demethoxv*e!dana- 
mycin: 1 / A AG) (Fig. 1), has also been shown to bind'to Hsr/>0 
; (9). Although, m. rodent and dog toxicology studies I7AAG 
: remin.s some of geldanamycin's toxicity in the liver. Gallbladder 
and kidney [(10) and National Cancer Institute [NClj dm* data 
hie o=« I7AAC) it has a better therapeutic index. For example 
|7A.'U. exerts antitumor activity against some human mela- 
noma xenografts at nontoxic doses [NCI drus data file on 
I /AAO and (II)]. Preclinical pharmacokinetic studies show that 
pharmacologically active concentrations can be achieved in 
plasma and tissues (NCI drug data tile on I7AAG and (12)] and 
that the major liver microsomal metabolite (shown in Fi* 1) is 
1 /-ammo. 1 7-demethoxygeidanamycin (J 3). In view of its novel 
mechanism of action and its good therapeutic index 1 7AAG has 
noweniered phase I clinical trials as first-in-class Hsp90 inhibi- 
tor u..Jcr the auspices of the U.S. NCI and the U K Cancer 
Research Campaign (CRC). Recently, the structurally distinct 
monocyclic antifungal compound radicicol (Fi* I) has been 
shown to bind to Hsp90 and inhibit its activity (14-17) 

DT-diaphorase. an obligate two-electron-rcducina enzyme 
[reduced nicotinamide-adenine dinucleotide (phosphate) • qui- 
none ox.doreductase; EC 1.6.99.2). catalyzes the reduction of 
various qu.nones (IS). As a result, cells rich in DT-diaphorase 
are especially sensitive to quinone-containins bioreductive an- 
jcancr agents, such as mitomycin C and the indoloquinone 
tuy u-lnch act as prodrugs for activation to toxic forms by 
DT-d.aphora.se f/9.2/;. Some tumor types (notably, colon and 
non-small-cell lung cancers) have been ihown to contain rela- 
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lively high levels of Dl . aphorase Thus rh« 

*M».** prooru s wok* Aithousi, „. viou , st . 

a en ihie de-ved from Human colorectal cane- inH ^ 
DT-diaohorase did not appear to be paniX"se„siS 

I7AA(3 DT -d^phonise show altered sensitivity to 

DT T dL P h nmary 3im - 0f thi ' S StUdy W3S to investigate whether 
tumor ceils to 17AAG. Initially, sensitivity to 17AAG wis 
term.ned by use of the CRC/Institute of Cancer e «c rt 
panel of 1.5 human colorectal and U ovarkm 1 Snom 2 
lines, includ.ng some resistant to classical asents Sin 
data were obta ned in selected line* 'nr , h * i% ■ uom P aiat,ve 
and the additional Hsp9oSm Z Z^ ^^l 
radicicol. The correlation betwee^ sens £ "an DT 
d aphorase activuy seen in a subset of the CRC/ICR p^Hs!" 
lected to span the range of sensitivity to 17AAG) wa fit, 
cxammed and confirmed with data from the NC 'panel of 60 
human tumor cell lines (28). This led to the hypothesis that hi^h 
DT- , aphorase expression was a major factor in det ™ n 

col. To provide further conclusive data, sensitivity to I7AAr 
was etei-mined in a newly established isogenic pa i Jo f c e II tines 
that drffer only in the expression of the active NQOl I en ^ 
pair is composed of the human colon BE line [which con ains a 
d.sabl.ng pomt mutation in the NQ01 gene encodmc DT 
d.aphornse (29)] and a subline stably transfected SelS 
gene and expressing high levels of functional DT-di ph^e 

t^ne y bv e T7A?C that m -hanism vva^ 

\Z of HT / . in C ° l0n Ce " JinCS eXp, " essin § hi § h and low 
level of DT-d.aphorase was obtained by immunoblot analysis 
of Raf-1 mutant p,3, Hsp70. and Hsp90 proteins. The re u s 
suggest that determination of patients' NQ01 .enotype and of 

r,::twi7AA s c r ivity shouid be -^" c 

evaluation of 17AAG because variations in these characteristics 
could affect the toxicity and efficacy of the drus. 
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Cell Lines 

fZ^J^'ilTT C0, ° n ° Van:,n Ce " WC «*^ceH lines 
— ..i .wun.e^,ui cunure collections or derived them in-houw ^ **** -i . 
pre vio.s.y ( 30 } . ,„ some „ se , we used sublines derived^, a 
M ; Ul1 aC£ | l " red d ™S resisuncc io ci.platin (CH IcisR and A27S0c s^ov "n 

in t LTuI " " (CH ' d0XR " SK0V - 3 SUb,ine »*'y "ixo " 
mo„? TU rf",u S ' StanCe P,0tt:in MRP1) A11 »"« were»rown'a, 

onolayers in Dulbccco's m od ifi ed Eagle medium confining 10 % £ 7c U 
erum. 2 ,W g| utami „ e . and 0.5 (xg/mL hydroccnisone in 6% CO A 
lines were tree of Mycoplasma contamination. 

Drugs and Chemicals 

Cddanamycin. 17AAG, and 17-^ino..7-dem et hoxvgeIdanamvcin were suo 
P .ed by E. SausvUle (NCI). The remaining dmgs (nerblmycin. ra'dicico t !" 

co f; 0 n o, a e u Kr marol) and chenvica,s were obtained from S «™ ^ 

Growth Inhibition Studies 
1999 

ARTICLES 1 94 1 



J? 

•I 



plicate wells as indicated. Unless otherwise indicated, we exposed cells to :i drug 
for 4 days. Thereafter, the ceil number in treated versus control wells was 
estimated after treatment with \0% trichloroacetic acid and staining with 0.4% 
su! fo rhodamine B in \% acetic acid. The iC 50 was calculated as the drug con- 
centration that inhibits ceil growth by 50% compared with control growth. 

Stable Transfection of the NQOl Gene Into the BE 
Human Colon Carcinoma Cell Line 

BE cells contain a point munition in the NQOl gene and thus have no func- 
tional DT-diaphorase enzyme activity (29). Wc used the bicistronic expression 
vector pEFlRES-P (33) to express the MQOl gene in BE cells. Lipol'ectamine 
(Life Technologies, Inc. [CIBCO 3R.LJ, Gaithersburg. MD) for transfection. and 
puromycin (0.5 ng/mL).for selection. Resulting clones were screened for DT- 
diaphorase enzyme activity or protein by an enzyme assay or immune blotting, 
respectively (see below). Full details of the vector construction and the biologic 
properties of the stable transfectants will be published elsewhere (Sharp SY. 
Kelland LR. Valenti MR. Brunion LA. Hobbs S. Workman P: unpublished 
results). The stable transfectants. designated BE-F397 clone 2 "and BE-F»7 
clone 5. were used in these studies. 



DT-Diaphorase Assay 

To determine whether 17AAG was a good substrate for DT-diaphorase. we 
used the standard cytochrome c assay, as described previously for the bioredirc- 
live indoloquinone E09 [34) and geidanamycin (27), but replaced menadione 
with I7AAG as the substrate and intermediate electron acceptor. We assayed 
extracts of the human colon cell line HT29 or purified human DT-diaphorase 
protein (from J. Skeily, ICR). For preparation of cell extracts.. 2 x I0 7 cells were 
trypsin ized, washed twice in ice-cold phosphate-buffered saline (PBS), and cen- 
trifuged (MSE Cenuur 1; 1 100 rpm for 5 minutes at room tenipeniture). The cell 
pellet then was resuspended in 0.5-1 mL of lysis buffer (PBS containing \ ( 7c 
Triton X-l 14 and 500 \xM phenylmethylsulfonyl fluoride) and left on ice for 30 
minutes. After centrifugation (MSE Microcentrifuge; 12 000 rpm for 5 minutes 
at room temperature), the supernatant was used. for protein determination and the 
enzyme assay. Results obtained for 17AAG were compared with those for gei- 
danamycin. E09, and streptonigrin. an excellent substrate for DT-diaphorase 
(35). For all drugs, the difference in reduction of the menadione substrate in the 
absence and presence of dicoumarol (100 \dvf) t a standard inhibitor of DT- 
diaphorase. was determined (27). 

Irnmunoblotting 

This analysis was performed as described previously (30-321 Briefly. 5 x 10 6 
cells were trypsinized. washed with PBS ? and lysed in 100 fxL of lysis buffer at 
4°C for 1 hour. Lysis buffer contained 10 mL of 150 mM NaCl-50 m.A7 Tris- 
HC1 (pH 7.5). 500 u.L of 20 mM phenylmethylsulfonyl fluoride, 2 jj.L of apro- 
tinin (10 mg/mL, stock solution). 2 \xL of leupeptin (10 mg/mL, stock solution). 
100 jxL of 10 mjW sodium ortho vanadate, 100 uX of Nonidet P-40, and 100 jxL 
of 20% sodium dodecyl sulfate (SDS). Lysates were centrifuged (MSE Micro- 
centrifuge; 12 000 rpm for 15 minutes at4°C), and the resulting protein extracts 
were separated (50 u-g/lane) by SDS-polyacrylamide gel electrophoresis and 
electrob lotted to nitrocellulose filters. Antibodies to Hsp90 and Hsp70 were 
obtained from StressGen (Victoria, Canada), and antibodies to Raf-1 and p53 
(DO I) were from Santa Cruz Biotechnology (Santa Cruz, CA). A monoclonal 
antibody to the rat DT-diaphorase (which cross-reacts with human diaphorase) 
was supplied by R. Knox (previously at CRC/ICR, now at Enzacta Ltd.. Salis- 
bury, U.K.). Antibody binding was identified with horseradish peroxida.se- 
labeled secondary antibodies combined with enhanced che mi luminescence re- 
agents (Amersham. Buckinghamshire. U.K.) and autoradiography. 

/// Vivo Effects 

BE vector control cells and BE-F397 clone 2 cells were established as sub- 
cutaneous xenografts by injection of 5 x 10 6 cells into the flanks of adult female 
athymic nude (nu/nu) mice. The antitumor effect of 17AAG was determined in 
mice bearing comparably sized tumors (6-S mm in diameter) derived from these 
cells. Animals were randomly assigned to receive vehicle alone (five or six mice) 
or 17AAG (five animals; dose schedule = SO mg/kg per day in 10% dimethyl 
sulfoxide and 90% egg phospholipid by intraperitoneal injection on days 1-4 and 
days 7-11). Before this clinical formulation was available, I7AAG was admin- 
istered to mice bearing HT29 xenografts in 109b dimethyl sulfoxide-0.05% 
Tween 20-90% NaCl. with a doss schedule of 80 mg/kg per day on days 0-3 and 



days 6-10. This dose and schedule were derived from previously performs 
experiments [NCI drug data file on I7AAG and7//;l. 

Tumor size was determined twice weekly by caliper measurements, and Euir.o- 
volumes were calculated (volume = [a x b 1 x -i/6, where a and b are orr!v>o 0 ! 
mil tumor diameters). Tumor volumes were men expressed as a percentage- ■■•x\ t 
volume at the start of treatment (relative tumor volume). The effect of ii, ■ j ru „ 
was determined by the growth delay, i.e.. the difference in davs required ;\;r 
votume of tumors in control and treated animais to double. Ail procedures 
involving animals were performed within the guidelines set out bv the Institute's 
Animal Ethics Committee and the United Kingdom Coordinating Committee for 
Cancer Research's ad hoc Committee on the Welfare of Animais in Experimen- 
tal Neoplasia (36). 

Statistical Analyses 

Where indicated, errors are presented as standard deviation (n 5*3). Correla- 
tion tests and linear regression analyses were computed with SAS J MP "SAS 
Institute. Cary. NC). We assessed correlations with a Spearman calcui: ;1 f 0r 
the CRC/ICR panel and with a Pearson calculation for the NCI panel. A;uiou»h 
rhe Spearman statistic is technically more robust, the Pearson statistic was used 
for correlations in the NCI panel for historic continuity. The likelihood test for 
linear model comparison was performed with S-Plus (MathsofL Seattle. W'A). 
All j° values are two-sided. 



Results 

In Vitro Growth Inhibition 

The./// vitro growth inhibition properties of geldana*- vein, 
. 17AAG. and radieicol against panels of human colon (!;■ .ines) 
and ovarian (I 1 lines) carcinoma cell lines are shown in Table I, 
A. The IC 50 value for 17-amino, 1 7-demethoxygeIdanamycin, 
the major metabolite of L7AAG, is also included for some lines. 
In most ceil lines, all four compounds potently inhibited growth, 
with IC 50 values of less than 2.5 .U.M. Notably, one ovarian 
cell line (the 41 M line) was relatively resistant {\C M) >2.5 y.M) 
to all four Hsp90- interactive compounds. On average, geidana- 
mycin was the most potent agent (mean IC 50 = 50.1 a¥), 
with similar values obtained for 1 7-aminch 1 7-d *.eth- 
oxygeidanamycin (mean IC 5U = 47 \\M in a subset of nine cell 
lines). 17AAG showed intermediate potency (mean IC 50 = 
220.4 nM) : and the least potent agent was radieicol (mean 
IC 50 = 587.4 ivW). 

Bar graphs showing the EC 50 values (Fig. 2) reveal some 
interesting differences in the patterns of response for geidana- 
mycin, L7AAG, and radieicol. Notably, some cell lines (e.g., 
BE and LoVo colon cells) are relatively resistant to 17AAG 
but not to geidanamycin (or radieicol). In contrast. th° colon 
ceil lines LS174T and KM 12 were relatively rcsistam g e ^ _ 
danamycin but not to 17AAG. We have compared patterns of 
response for 25 cell lines (excluding 41M because this tine was 
resistant to all compounds) by use of the Spearman analysis. 
Positive, but not statistically significant, correlations were ob- 
served between geidanamycin and radieicol (r = .36; P = -OS) 
and between geidanamycin and 17AAG (r = .33; P = .10- 
There was, however, no correlation between 17AAG and radiei- 
col {r = -.08; P = .72). Results indicate relatively distinct 
patterns of response for the three compounds. 17-Ar :: io,i7". 
demethoxygeldanamycin was studied in only a few line-, in tte 
panel. With the exception of LS174T colon cells, which & £ 
relatively resistant to geidanamycin and more sensitive to & c 
17-amino metabolite, the two compounds behaved similari)' 
across the panel. 

Activity in Acquired Anticancer Drug-Resistant Ceil Lin e5 ; 

The in vitro potencies of geidanamycin, 17AAG, and radiei- 
col have also been evaluated in various anticancer drus-resist^ 11 . 
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Tabic I. /// vitro human tumor call growth inhibi 
heat shock: protein inhibitors 



17AAG and other 



U- tTnC "norZn <~««™ that inhibU growth 

IC 50 . nM 



C*-il line 



Geidanamyein 17AAG 



Radicicol 17-Amino 



Colon 
SH 
HTj9 
COLO205 
DLD-1 
HCA-7 
HCC2WS 
HCTi.S 
HCT : ih 
HT; = 
KM ! - 
UMi2l5 

LS174T . 

LoVo 

MAVVI 

SW620 

Ovarian 
A27S0 
CHI 
HX62 
IGR 

OVCAR 
OVCAR 
OVCAR. 
OVCAR-8 
PXN94 
SKOV-. 
41 M 
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■5 



19.3 ±3. 1 
46.7 ± 9 
3.3 
73 

1.3 
93 
-S3 
67 
I 1.3 
54 
9 

245 
21.9 
6.2 
3.1 

1 1 .5 
104.5 
47 
94 
5 

9.6 
83 
15.5 
84 
46 
>250() 



773 -30.6 
3.9 = 2.9 
7.2 
!40 
72 
78 
490 
99 
13.5 
9 
77 
78.5 
1130 
58 
6S 

12 , 
1055 
670 

92 

58 
295 

40 

67 

43 

76 
5200 



190 
3100 
J 400 
290 
120 
650 
2S0 
240' 
390 
135 
100 
7S0 
360 
1850 
i 10 

115 
325 
2500 
295 

69 
540 
660 
230 
1450 
395 - 
2350 



18 

6.3 ±1.8 
ND 
ND 
ND 
N'D 
ND 
ND 
17 
ND 
20.5 
33.5 
42 
ND 
ND 

43 
190 
ND 
ND 
ND' 
ND 
ND 
ND 
ND 
58 
>2500 



B. Growth inhibitory properties of gcldanamydn, 17AAG and rad idol 
asautst anticancer dru^resistant human tumor cell luZ- f 
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0.35 
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337 
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2.4 
1.9 
0.8 
960 
1220 
1.3 
>2500 
>2.6 
46 
142 
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Radicicol 

115 
270 

2.3 
325 
88 
0.27 
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280 
■ 280 
1.0 
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nnes) 0 r to doxorubicin through overexpression of P- 

£ T," 1 d ° XR Hne) ° r0t ' MRP1 ( SK0V -3 S2) (Table ?B 
' *e ric f Cross - resistance t0 geidanamyein was observed 

«P0tem iH?P T HneSl * eldanam y ci « markedly 
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-* st. ng that geidanamyein is a substrate for these multidrug- 
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Fig. 2. Patterns of in vitro growth inhibition rcsooixe acm« i, 

ovarian carcinoma eel! lines (as indk T u MC * nor 
«ii t * , u indicated) for se danamvein fs\ \~i 

aliylanuno.lT-demethoxygeldanamvcin (i 7 .^ C) a „d ! ,^r' 
suits are Splayed as the extern to which the IC val e L (Q ' 

sreater or lower than the mean IC 50 calcuiated for the entire P^ v i 
mean IC ;o across the whole panel were as follows 5C nZt UeSf0rCnc 
220.4 n,W for 17-AAC, and 587.4 M for radicico, S^^mycin. 



eststant efflux protetns. The picture is rather less clear for 
17AAG because the parental CHI ovarian cell line is relat 
distant to 17AAG, although there is at least a " 5-fo d " 
reststance to 17AAG in CHldoxR. The level of c.ssSsi^ 
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for geldanamycin and 17AA <s similar in the MRP- 
.overexpressing ovarian line/Like geldanamycin.. 17AAG retains 
full activity in the cisplatin-resiscanc lines. ' 

Giwih Inhibition arid DT-Diaphorase Enzyme Activity 

Because geldanamycin and 17AAG are quinone-based com- 
pounds and BE cells have a disabling point mutation in the 
NQOi gene (29) r the lack of DT-diaphorase activity in these 
cells could be involved in their surprisingly high relative resis- 
tance to I7AAG and low relative resistance to aeldanamvcin. To 
explore this possibility, we measured DT-diaphorase enzyme 
activity and IC 50 values for geldanamycin, 17AAG, and radici- 
col in 1 J cell lines (selected from those shown in Table i). with 
a broad spectrum of responses to these compounds (Fia. 3). A 
statistically significant negative Spearman correlation was ap- 
parent for 17AAG (r = - Si; P = .002). Cells with marginal 
DT-diaphorase levels were relatively resistant to 17AAG? but 
there was no statistically significant correlation between sensi- 
tivity to geldanamycin or radicicol and DT-diaphorase levels 
(P - .33 and .76. respectively). Thus, we have identified the 
- potential for a causal link between expression of DT-diaphorase 
and sensitivity to 17AAG, but not geldanamycin, in the CRC/ 
ICR panel of colorectal and ovarian cell lines. 

We then repeated this analysis with the NCI panel of 60 cell 
lines, which are derived from a diverse group of human cancers 
(28). We have repotted previously the DT-diaphorase activities 
for this panel of cells (23) as the logarithmically transformed 
values that are normally used for analysis in the NCI panel. We 
used correlation tests to explore the hypothesis that DT- 
diaphorase levels could be directly responsible for the sensitivity 
differences observed among the cell" lines. The Pearson correla- 
tion coefficient indicated a weak positive relationship between 
DT-diaphorase expression and sensitivity to 17AAG (r = II) 
The con-elation between DT-diaphorase and geldanamycin was 
• also weak, with possibly a negative trend (r - -A 5). Neither 
correlation was statistically significant (P = .43 and .24 re- 
spectively). We then tested the hypothesis that, althouch DT- 
.diaphorase activity may not predict sensitivity to 17AAG di- 
rectly, it might explain why some cell lines are more sensitive to 
1 7AAG^ than to geldanamycin. We tested this hypothesis by 
comparing the following two linear regression models: {) 
17AAG sensitivity = geldanamycin sensitivity + error, and 2) 
17AAG sensitivity = geldanamycin sensitivity + DT- 
diaphorase activity + error. Because 17AAG and geldanamycin 
are reasonably well correlated (r = .50; /^.OOI), both models fit 
the data well. However, more important, inclusion of DT- 
dtaphorase caused a statistically significant (P = .03) improve- 
ment in the fit as measured with a likelihood ratio test (analysis 
of variance by use of the F statistic). Thus, DT-diaphorase is a 
.statistically significant factor when the sensitivity patterns of 
17AAG are compared with those of geldanamycin. Addition of 
multidrug resistance protein status, as measured functionally by 
rhodamine efflux, did not improve the above model (data not 
shown). 
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Fig. J. Relationship between in vitro growth' inhibition and DT-diaphorase ex- 
pression for heat shock protein 90 inhibitors. The results are displayed as a pi* 
oi iC, 0 (mean drug concentrations that inhibit growth by 50% !'■" 96-hour 
exposure) versus DT-diaphorase enzyme activity and DT-diapho^-e enzyme 
activity tor geldanamycin (A), i7-aiiyiamino, 17-demethoxvseidanamvcin (BJ. 
and radicicol (C) in the following II human tumor cell lines^ I = CHI (ovar- 
ian): 2 « 4IM (ovarian); 3 - LSI74T (colon); 4 = BE (colon); 5 = HCTll* 
(colon): 6 = A27S0 (ovarian); 7 = HT55 (colon); 3 = UMI2I5 (colon): 9 *■ 
L0V0 (colon); 10 = SKOV-3 (ovarian): and 1.1 = HT29 (colon). 



Activity in Isogenic BE Colon Cell Lines That Contain or 
Lack the-Active NQOI Gene 

To more directly investigate the role of DT-diaphorase in 
mediating the cytotoxicity of 17AAG, we stably transfected the 
BE cell line with the'NQOl gene encoding DT-diaphorase. As 
shown by immunoblotting, the resulting BE-F397 clone 2 and 



the naturally high DT-diaphorase-containing colon line HT29. 
possess similar levels of DT-diaphorase protein (upnublish^" 
results). Enzyme activity data supported the immunob; ctingofe' 
servations. Values (measured as the dicoumarol-inhibitable r§ 
duction of .menadione and expressed as. micromoles of cyK§ 
chrome c reduced per minute per milligram of protein) are <£f 
follows: BE vector control cells, immeasurable activil|f 
(<0.002); BE-F397 clone 2, 1.4 ± 0.5; BE-F397 clone 5, 1-H 
0.2; and HT29, 0.94 ± 0.2. This HT29 activity is similar to #|1 
activity obtained previously with the same assay (27)- Fuflfel 
tional validation of the model was provided by the observati§| 
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* aT in [!*° dU f 0n °; Ch u e D ^iaphorase g..,e into BE cells sub- was observed with i 7 ^G 
srantially enhanced the potency of strep tonigrm. an exo ' * " 



DT-di-aphora.se substrate and bioreductive asent. The degree of 
potentiation correlated with DT-diaphorase^levels and activity 
il!7-roid potentiation in BE-F397 clone 5 and 142,-fo!d poten- 
tiation in BE-F397 clone 2). Further details will be published 
elsewhere. 

Dose-response curves for geldanamycin and 17AAG in BE 
vector control ceils and BE-F397 clone 2 are shown in Fi* d a 
Although the two lines showed similar sensitivity to geldana- 
mycin, BE vector control cells lacking " DT-diaphorase we-e 
markedly less' sensitive to I7AAG. The degrees of potentiation 
(in terms ot IC 50 values) for geldanamycin. 17 A AG, 17- 
amino.I7-demechoxygeIdanamycin s radicicoi, and herbimvcin 
observ.-;! when DT-diaphorase was introduced into the BE colon 
cell line are shown in Fig. 4, B. Notably, a 32-fold potentiation 



_ _ . wnereas a less than threefold oo- 

tentiation was observed for ail other compounds evaluated In ^ 
second test of the effect of DT-diaphorase on the Growth inhibi- 
tory properties of these compounds (Fig. 4, B), KT29 colon cells 
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(naturally high in DT-diaphorase activity) we're -ompa-=d 
EE parent cells (no measurable DT-diaphorase activit^Results 
generally mirrored those results observed with the iso-enic- 
transtected pair of BE lines, with only 17AAG. of the iWo 
inhibitors tested, showing a marked DT-diaphorase-mediated 
deferential erfect (87-fold potentiation). It is of interest in this 
pa.r of lines that HT29 cells had a strikingly greater sensitivitv 
to radicicoi than did BE cells, an effect not seen with the iso- 
genic BE cell line pair. 

Reduction of 17AAG by Purified Human DT-Diaphorase 

Having demonstrated a potentially important role for DT- 
.diaphorase in cellular sensitivity to 17AAG, we used a menadi- 
one substrate replacement assay as described previously P7 34) 
to determine the ability of this agent, geldanamycin ' and H- 
am.no, 17-demethoxygeldanamycin to act as substrates for puri- 
fied human DT-diaphorase (Table 2). Streptonisrin (35), an ex- 
cellent substrate for DT-diaphorase, was also "included in the 
comparison We found that 1.7AAG was a reasonable substrate 
tor DT-diaphorase. but it is not appreciably better than -eldana- 
mycin or 17-arnino, 17-demethoxygeldanamycin. This is perhaps 
surprising in view of the cellular data. The DT-diaphorase- 
med.ated reduction rate was similar for all three analogues each 
at a substrate concentration of 10. u>/. At 50 yM. 17AAG and 
17-amino, 17-demethoxygeldanamycin gave' twofold to threefold 
higher rates than geldanamycin, and the difference was even 
greater at 100 u>/. Geldanamycin at 100 pJkf resulted in sub- 
strate inhibition, which was not observed with the other two 
analogues at 100 p.M. The latter two concentrations, however 
are much h.gher than the pharmacologically relevant ran-e It 
also should be noted that all three of the ansamycin analogues 
gave reaction rates that were substantially lower than rates'ob 
served tor streptonigrin (Table 2). With the structurally distinct 
Hsp90 inhibitor radicicol, which lacks a quinone moiety no 
reduction was observed. 

Effects of 17AAG on Hsp90, Hsp70, and Oncogenic 
Proteins 



To determine whether the mode of action of 17AAG was the 
same in cells expressing low and high levels of DT-diaphorase 
and to guide the choice of molecular pharmacodynamic markers 
in the imminent clinical trial, we measured the levels of Raf-i 
mutant P 53, Hsp90, and Hsp70 proteins in vector control cells 
and transfected BE cells treated with 1 7AAG (or geldanamycin) 
Levels of these proteins 6 and 24 hours after the addition of 
equitoxic (continuous exposure to 5x and lOx IC ) or 
equimolar (0.15 and 0.3 pM) geldanamycin or 17AAG are 
shown in Fig. 5. No change in Hsp90 protein levels was ob- 
served. A similar marked reduction, especially at 24 hours was 
observed for Raf-1 and p53 proteins in the BE vector control 
cells and BE-F397 clone 2 cells at equitoxic concentrations By 
contrast, an increase in Hsp70 levels was observed. For geldana- 
mycin or 17AAG at equimolar concentrations (0.15 or0°3 pjtf) 
no change in any of the four proteins- was observed in the BE 
vector control cells expressing low levels of DT-diaphorase 
consistent with their cellular resistance at these concentrations' 
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T;jf)le 2. Reduction of geldanamycin. 17-ali>i:!iviino. 1 7-demeihoxvseIdana- 
mycin (17.AAG). and 17-aminc. i7-demeihoxygeIdanamycin (17-amino) bv 
purified human DT-diaphorase (at 20 jum/mL)*.! 



Substrate 



Reduction of- substrate.* timo! of cytochrome 
c reduced per minute per mg of protein 



-Menadione. iO \±M 
Sirepcor.igrin. 50 jjlA-/ 
Sircpionigrin. 25 yjuW 
Strepronigrin. 10 \xM 
Geldanamycin. I 00'jjl.V/ 
Geldanamycin. 50' \iM 
Geldanamycin, 25 \lM 
Geldanamycin, iO iiM 
I7AAG. 100 ji.W 
1 7 A AG, 50 \xM 
I7AAG. 25 p. A'/ 
I7AAG. JO u.,W 
17-Ainino. 1 00 jju-V/ 
1 7- Ami no. 50 jxA-/ 
1 7- Ami no. 25 \lM 
" 17-Amino. 10 \lM 
Radicicol 



! 1SS.5 ± =63.1 
206.1 ±6.0 
159.! ±9.0 
I76.6.±69.5 
1 .5 ± 0.8 

7.2 ±3.3 
7.0= 1. 0 

4.3 ±0.6 
20.5 ±2.1 
15.0 ±7.9 

S.3 ± 1.3 
3.6 ±0.6 
17.6=5.3 
22.S± 3.6 
I 1 .7 ± 4.3 
6.S ± 3.5 
NO 



*Valuesare individual or mean ± standard deviation (n = 3). 
tND = nor detectable at ail concentrations tested. 

In Vivo Effects of 17AAG 

We determined the effect of 17AAG on the response of the 
BE vector control cells and BE-F397 cells when grown subcu- 
taneously as solid tumor xenografts in nude mice. 17AAG was 
administered at the maximum tolerated dose of 80 mg/kg per 
day intraperitoneally on days 0-4 and days 7-i 1, a schedule that 
is active on sensitive xenografts [NCI drug data tile on 17AAG 
and (J 1 )]. The xenograft tumor grown from the transfected BE- 
F397 cells (Fig. 6, B) was more sensitive than the BE vector 
control cells (Fig. 6, A), The growth delays, calculated from the 
time required to reach twice the treatment volume, were i 1.4 
days for the BE-F397 xenograft and 5.8 days for the vector 
control. For the HT29 xenograft (and a similar schedule of 80 



mg/kg per day intraperitoneally on days 0-3 and davr6~l0) 
growth delay of 16.6 days was observed (Fie. 6. C) Experime^ 
(not. shown) confirmed that the differences in . DT-dmphor^ 
expression seen in vitro were maintained in the \eno<-aYt ; 'dar 
not shown). Thus, the HT29 line vvich a naairaliv hi<T h j e -i 0 " 
DT-diaphorase and also the transfected BE-F397 line were m Gr * 
sensitive in vivo than the BE vector control cells that have a low- 
level of DT-diaphorase activity. 

Discussion 



_ 1 7AAG is currently entering phase I clinical trial as the first 
in-class Hsp90 inhibitor, under the auspices of the NO and 
CRC Treatment with this drug results in the depleti, 0 V a 
number of important oncogenic proteins, including Raf-1 
ErbB2 ? -and mutant p53 proteins, from tumor cells (1,4-6 9) I n ' 
this article, we show that the levels of -DT-diaphorase activity in 
a tumor cell are an important and statistically significant de'ter 
minant of how well 17AAG will inhibit the izrowch of that tumor 
cell. Evidence for this role of DT-diaphorase comes from the 
following three observations: 1) There was a statistically sicrnifi- 
cant^correiation between DT-diaphorase activity and sensitivity 
to 17AAG for 1 1 human colon and ovarian cancer ceil lir. from 
the CRC/ICR panel. 2) Subsequent interrogation of da.-t from 
the NCI panel of 60 human tumor cell lines supported the hy- 
pothesis that the level of DT-diaphorase activity was a contribu- 
tory factor in the differences in the sensitivity of tumor cell lines * 
to 17AAG compared with geldanamycin. [In an analogous way, 
the differences in sensitivity between methotrexate and trimet- 
rexate in the NCI 60 human tumor cell line panel have been 
explained by differences in the levels of reduced folate carrier 
protein (37).} 3) Transfection of DT-diaphorase into rhe BE 
human colon cancer cell line, thereby creating pairs of igenic 
cell lines differing only in DT-diaphorase expression, resulted 
in a marked increase in !7AAG-induced growth inhibition in 
vitro and an increased response to I7AAG"//i viva. The dearee 
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Fig. 5. Representative immunobiots for heat shock protein 
90 (Hsp90X. RAF-i, p53. and Hsp70 (as indicated) in BE 
vector control or BE clone 2 cells exposed to equitoxic 
concentrations (5x or lOx drug concentrations that inhibit 
growth by 50% [ICJ) of geldanamycin (0.2 and 0.4 u>/ 
for 5x and !0x IC, 0 in BE vector control cells and 0. 1 and 
0.2 ixM for 5x and lOx IC, 0 in BE-F397 clone 2 cells, 
respectively) or l7-al!ylamino.l7-demethoxygeidanamycin 
(17AAG; 7 and 14 u>/ for 5x and lOx IC J0 in BE vector 
control cells and 0.15 and 0.3 \iM for 5x and lOx IC, 0 in 
BE-F397 clone 2 cells, respectively). Two fixed concen- 
trations of 1 7A AG (0.15 and 0.3 u>fi are also shown for 
RAF-t in the BE vector control ceils. Cells were exposed to 
drug for 2 hours and harvested 6 and 24 hours after expo- 
sure. Lane 1 = 6-hour incubation of untreated cells; lane 
2 = 6-hour incubation in geldanamycin (5x IC 50 ): lane 
5 = 24-hour incubation in geldanamycin (5x 1C^ 0 ); lane 

4 = 6-hour incubation in geldanamycin (!0x IC, C ); lane 

5 = 24-hour incubation in geldanamycin (I Ox IC 50 ): lane 

6 = 6-hour incubation in 17AAG (5x [C 50 >; lane 7 = 
24-hour incubation in I7AAG (5x IC 50 ): lane 8 - 6-hour 
incubation in 1 7AAG ( I Ox IC W ): lane 9 - 24-hour incu- 
bation in 17AAG (lOx IC 50 ); and lane 10 = 24-hour in- 
cubation of untreated cells. Blots for the BE vector control 

cells and 17AAG are also shown. Lane 11 = 6-hour in- 

cubation of untreated ceils; lane 12 = 6-hour incubation in 0.15 u,V/ 17AAG: lane 13 = 24-hour incubation in 0 15 
m O.J 17AAG; lane IS = 24-hour incubation in 0.3 I7AAG; and lane 16 = 24-hour incubation of untreate 
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^S- 6. Effect of DT-diaphorase expression on [he response of human tumor 
xenografts in vivo lo 1 7-aIlyiamino, 1 7-demethoxy "eldanamycin ( I7AAG). Tu- 
mor growth curves for mice bearing BE vector control (A). BE-F397 clone 2 (B), 
«r HT2 ( J (C) xenografts alter treatment with 17AAG. The dosing schedule was 
SO mgyi,:.. iVr jay imraperitoneally daily on days 1-4 and days 7-1 1 for BE 
lltI ^0rs UiK | on days 0-3 and days 6-10 for HT29 tumors. A = 17AAG; O = 
""Urol. Data for relative tumor volumes are the means (± standard deviation) 
from five animals. 



Q f in vitro growth inhibition con-elated with the level of enzyme 
expression, being 32-fold higher in the transfected cell line with 
the higher levels of DT-diaphorase and 22- fold higher in the 
j^asfeeted cell line with somewhat lower levels. Of interest. 

e DT-diaphorase effect was not observed with geldanamy- 
^ re sults in agreement with data from a nonisogenic pair 
' / ). Moreover, the effect was not seen with 17-amino, 17- 
. met hoxygeIdanamycin, which was identified as the major 



'MAG 



metabolite in human and mouse hepatic preparations 



J and confirmed as such in vivo (NCI drug data file on 
*AG). DT-diaphorase activity also appeared unrelated to the 
° te ncy of radicicol, the structurally distinct Hsp90-binding an- 
. 10t1 ^- Indeed, BE cells that express a low level of DT- 
'^e were almost 10-fold more sensitive to radicicol than 
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were HT29 cells, whi xpress a naturally high level of DT- 
diaphorase. There was no difference with radicicol in the iso- 
genic transfected BE cell line pair. 

The correlation seen between expression of DT-diaphorase 
activity and sensitivity to 17AAG but noc to geidanamvein or 
radicicol shows that the effect is not generic across alf Hsd90 
inhibitors or, indeed, across all benzoquinone ansamycins. The 
precise mechanism by which high levels of DT-diaphorase in 
tumor cells result in sensitivity to 17AAG is not clear. The 
observation that DT-diaphorase activity affects tumor cell sen- 
sitivity to 17 AAG but not to geldanamycin or 17-amino. 1 7- 
demethoxygeldanamycin is not explicable in terms of their re- 
spective behavior as substrates for the purified human enzvme. 
Although we have demonstrated that 17AAG is a reasonable 
substrate for human DT-diaphorase, it was not appreciably better 
than geldanamycin or 17-amino, 1 7-demethoxygeldanamycin. 
particularly at more relevant drug concentrations. Only at the 
markedly suprapharmacologic concentrations of 50 and 100 \±M 
was 17AAG reduced at a statistically significantly faster rate 
than geldanamycin. For 17-amino, 1 7-demethoxygeldanamycin. 
there was no appreciable difference in rate compared with' gel- 
danamycin. 

Given the close structural similarity of 17AAG, 17-amino. 17- 
demethoxygeldanamycin, and geldanamycin (Fig. J), it is clear 
that it is the ally I substitution on the amino group at position 17 
that is responsible for the DT-diaphorase "effect. Preliminary 
results with a range of 17AAG analogues are consistent with this 
observation. We hypothesize that the behavior of the reduction 
product of 17 A AG must differ from the reduction products de- 
rived from geldanamycin analogues with other substituents. 

The xenograft experiment confirmed that DT-diaphorase- 
tran&fected BE-F397 cells were more sensitive than BE vector 
control cells in a solid tumor in vivo. The naturally high DT- 
'diaphorase-containing HT29 xenograft was also more sensitive 
than the BE vector control xenograft. Dose-response data were 
not generated in these experiments. However, it seems likely 
that the differences seen in the in vivo xenografts were not as 
large as those observed in the same lines in vitro. One factor that 
would tend to decrease the contribution of DT-diaphorase levels 
in the xenograft experiments is the metabolism of I7AAG to the 
17-amino derivative, which is the major metabolite in the mouse 
(13). This could be important because we' show in this article 
that sensitivity to the 17-amino metabolite is not affected by 
DT-diaphorase. Formation of the 17-amino metabolite is cata- 
lyzed by cytochrome P450, specifically CYP3A4 in human mi- 
crosomes (13). Thus, we propose that the sensitivity of a given 
patient's tumor to 17AAG may be affected by the balance be- 
tween DT-diaphorase and CYP3A4 metabolism. Consequently, 
we urge that both enzymes (or sun-ogar.es thereof) be monitored 
in the clinical studies that are now under way with 17 AAG. 

We determined that 17 AAG was operating through the Hsp90 
protein to stimulate degradation of the oncogenic client proteins 
Raf-1 and mutant p53 by use of 17 AAG at equitoxic and 
equimolar concentrations and ceils expressing high and low lev- 
els of DT-diaphorase. The depletion of client proteins repprted 
previously for both 17 AAG and geldanamycin (4-6,9) was seen 
in cells' expressing high and low levels of DT-diaphorase. At 
equitoxic concentrations of 17AAG or geldanamycin (5x and 
TOx IC 50 ) in the isogenic BE cell lines after 6 hours and, espe- 
cially, after 24 hours of drug exposure, there was a similar and 
marked reduction in Raf-i and mutant p53 proteins. At the fixed 
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concentrations of 0.15 or 0.3 i±M ..AG,, which inhibited 
growth of wild-type NQOl-cransfected- cells bur' not BE vector 
control cells, there was no reduction in Raf-1 or p53 protein in 
ceils with low levels of DT-diaphorase. whereas depletion was 
seen in the cells with high levels of DT-diaphorase that did 
respond to these concentrations. Thus, target activity was main- 
tained in the presence of the respective active concentrations of 
I7AAG, independent of the expression of DT-diaphorase. This 
rules out the possibility that different target mechanisms operate 
in cells expressing low and high levels of DT-diaphorase. 
Rather, DT-diaphorase expression increases the potencv of 
17AAG via client protein depletion. 

In contrast to effects reported in melanoma xenoerafts after 
administration of I7AAG (II), no difference in the levels of 
Hsp90 was observed in our experiments. HspTO levels, however, 
were increased, consistent with the removal of Hsp90-induced 
transcriptional repression of Hsp70 when Hsp90 is inhibited 
(JS). Again, this effect was seen at equitoxic concentrations of 
17AAG in both high and low DT-diaphorase lines, consistent 
with retention of the Hsp90-bindmg mechanism. 

The high constitutive expression^' p53 in BE celfs suggests 
a mutant p53 genotype. Effects on mutant p53 were consistent 
with cell cycle effects of geldanamycin reported' in ceiriines 
expressing wild-type or mutant p53 .(39), In our own studies on 
tlw A27S0 human ovarian carcinoma cell line (wild-type for 
p53) and a subline stably transfected with the viral p5V 
inactivating gene HPVE6 (40). we found no difference in sen- 
sitivity to geldanamycin or I7AAG. Overall, the results indicate 
that p53 status is- unlikely to influence sensitivity to I7AAG. 

In summary, although uncertainties remain regarding the pre- 
cise mechanism involved, our results clearly show that expres- 
sion of DT-diaphorase can influence a tumor's sensitivity to 
I7AAG. It is also possible that NQOl expression could affect 
toxicity of I7AAG toward normal tissues. There are obvious 
implications for the clinical evaluation of 17AAG as an antican- 
cer agent because 5%-20% of the population (depending on 
ethnicity) is homozygous for the genetic polymorphism used in 
this study, the DT-diaphorase-disabiing point mutation in the 
NQOl gene present in the BE colon cell line (41). In addition, 
the expression of DT-diaphorase in human tumors is very vari- 
able (25,26), as it is in the cell lines studied herein and elsewhere 
{22-24). We suggest that, in addition to measuring degradation 
of oncogenic client proteins and/or an increase in Rsp70 after 
treatment with 17AAG as potential markers of 'activity and 
therapeutic response, NQOl/DT-diaphorase 
status, and also tumor DT-diaphorase levels should' be deter- 
mined. In particular, we propose that these measurements may 
provide useful indicators of efficacy and/or -toxicity and should 
be considered for the. phase I clinical trials of 17AAG that have 
recently begun under the auspices of the NCI and CRC. 
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tion by reducing the surface expression of KDR on HUVECs, or the affinity or total 

e„ec, oi SU54 , 6 may be cue to a residual pool of inhibitor, which is concentrated 
in ceils, .hat remains associated with cells. Tne sub-cellular localization and 
kinetics of elimination of the inhibitor are currently under investigation. 

32843 INHIBITION OF NF- K B BY A NOVEL PROTEASOME INHIBITOR 
AND ANTI-TUMOR ACTIVITY IN SQUAMOUS CELL CARCINOMA J Sun 
£°c \ 2V<, ? 9 ' C V Cr ° w| -Bancroft, N Yeh, J Adams, J Mitchell E 

il?^ m ° U l Ce " f r . Cin ° ma (SCC) if the head and neck an elevated consti- 
tute action of the NF-«B transcriptional regulator. We have evidence suo- 
gesting .hat this activation is important for cell survival, tumor development and 
protection from ionizing radiation. Activation of NF-kB depends on the proteolysis 
of he inhibitory protein UB by the 2SS proteasome. In this study, a novel 
prateasome inhibitor, PS-341 (Leukosite, Inc.), was used to inhibit NF-kB, and its 

A w/Th^f T?.f t ?" ned in 3 Variety 0f murine and human SCC ™n lines. 
A 50/o mhioition of NF-kB was demonstrated by reporter gene and eiectro- 
phoretic mobility shift assays at 10"* M concentration. This correlated with 
f^^ T°°°2 ! S$ayS ' demonstratin 9 an ICso of 10" s M. Flow cytometry was 
used to show that cytotoxicity was preceded by a cell cvcle block at the G2/M 
transition. Anti-tumor activity was also examined in vivo, and a significant dose- 
dependent response was observed. Because exposure to PS-341 induced a cell 
cycle block at G2/M and was ajg&feond to inhibit induction of NF-kB by ionizing 
adia ion, we examined the utility of this compound as a sensitizer to ionizing 
raoiation. We found a 30% iWreas4 iyrra^cserpHivity by colonic assay after 
accounting for direct cytotafc ^«2sjjf the &m^/&SKLto sugoest 

^V,M USe f^ 30 ™ i P hidf{S T^ tar 9 e of NF-kB may be a 

useful therapeutic strategy intoatientUith squamous cell carcinoma of the head 
and neck. \ x 



Z^tn^^S^^^^ MELANOMAS TO 17-AAG IS ASSOCJ- 
A, ED WIT^TOriULATlON Of^HE MOLECULAR CHAPERONE FUNCTION 
■ OF HSP9Q t A ngelika Mariaj urde^gdward A Sausviile, Richard F Camalier David' 
.J Newman, anu HdW TTTiSig, National Cancer inst, Bethesda, MD, Tumor 
■Biology Ctr, Freiburg, Germany, and Univ of Freibura, Freiburg, Germany 
J 17 " aI| y ia u mir ?° 9e!danarn y cin < 17: AAG, NSC 330507) is a new antitumor aoe.nt 
identified by the NCI which has entered phase ! clinical trials in the US Antitumor 
activity of geldanamycins has been described to result from decradation of 
signaling proteins and nuclear hormone receptors by. bindino their molecular 
cha:perone Hsp90. In this study, two human melanoma xenoarafts the 17-AAG 
sensitive MEXF 276 (T/C = 6%), the resistant MEXF 514 (T/C = 60%) and cell 
lines derived thereof, were chosen to elucidate 17-AAG effects on its potential 
target Hsp90 and down-stream effector proteins in a time and concentration " 
dependent manner, lumor tissues were collected after 48h, 72h"and lOdundc 
17-AAG treatment (at MTD = 80mg/kg/d, for 2x Odx5). Cell lines were exposed 
*o drcug concentrations which cause total growth inhibition (TGI = 375nM in MEXF 
l 76L. ( 10p.ivl in MEXF 51 4L cells). By using immunohistochemistry and Western 
,.^lot analysis we found Hsp90 abundantly expressed in 1 7-AAG resoonsive MEXF 
276 tumors, but at lower levels in resistant MEXF 514 and in normal tissues 
Moreover, whilst 1 7-AAG treatment did not affect Hsp90 expression in MEXF 514 
it caused a rapid_d^cjin^of^90 in MEXF 276 cells. In latter, this was accom- 
panied rby transloc ation of HspStTfrom . cytoplasm and nuclei toceJLmembranes. 
\n .contra*, HspT2 le^ils^eTi^o^^ 

Hsp90. depletion in MEXF 276L ceils, down-reculation of Raf-1 and HER-2/neu 
was observed 8h after drug addition, in MEXF 276 tissues, decrease of Hsp90 
was further associated with occurrence of aoootosis. The an 0 nw,r i^n^v r „ se 
from 9% (48h) over 12% (72h) to 45% (10d) under drug treatment Our data 
suggest, that the efficacy of 17-AAG is related to its ability to inhibit HspSO 
chaperone function. . K 
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rr2845 ANTICANCER EFFECTS OF UPOSOME-ASSOCIATED L AND D 
-lEREOISOMERS OF ET-18-OCH 3 . ! Ahmad, G. R Masters, J. Nouyen J J 
.chupsky, A. S Janoff , and E. Mayhew, / ne Liposome Company (TL C)~ Princeton, 

TLC ELL-12 is a liposome based formulation of ET-18-OCH 3 (1-O-ociadecy!- 
^-O-methyl-s/i-glycero-3-phosphocholine), and is currently in Phase I clinical 
trials. The L isomer of ET-13-OCH 3 is the active incredient of ELL-12 We have 
previously shown the therapeutic efficacy of ELL-12 against several experimental 
mouse tumors. The aim of the' present investigation was to determine any differ- 
ence in toxicity or therapeutic efficacy of ELL-12 when formulated with L or D 
stereoisomers of ET-18-OCH 3 . The L isomer liooscme formulation of E' L-12 
significantly reduced toxicity compared to the D isomer liposome formulation 
when administered once daiiy, i.v. x 5. L and D isomer formulations of ELL-12 
were found to be equally effective in prolonging mean survival time aoainst P388 
murine leukemia. However, the L isomer liposome formulation, when adminis- 
ter against established B16/F10 lunge tumors, sionificantly (p < 0 05) reduced 
he mean numoer of tumor nodules when compared to control or the D isomer 
liposome^ formulation. Tnese studies indicate that ELL-12 formulated with the L 
isomer of ET-18-OCH 3 is less toxic and more effective acainst B 16/F10 turner 
than the D isomer liposomes. 
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umEI?. d 7?J? APOPTOTIC EFFECT OF LONG-CHAIN FATTY AMINES ON 
HUMAN PANCREATIC CANCER CELLS IS MEDIATED BY SIGNALING PATH- 
WAYS INCLUDING MAPK FAMILY AND CASPASES. Mizukami Yusuke H Ura 
i. Obara, i. Izawa ; N. Yanagawa, S. Tanno ; Y. Fuiimoto. and Y. -Kohoo Asa- 
hiKawa Med Coll, Hokkaido, Japan ' 

Farnesyl transferase inhibitor (FT!) is usuallv ineffective n Ki-ras transformed 
cells. However, we have shown that farnesyiamine (FA), one of FTI could induce 
apeptosis in Ki-ras transformed fibroblasts and human pancreatic cancer cell 
lines (Mol Carcinogenesis, 1998). Therefore, we speculated that FA may have an 
another apoptotic mechanism in addition to the inhibition of farnesylation Con- 
sidering the chemical formula of FA, the "lone-chain fatty amine (LFA)" structure 
may nave a critical role for this mechanism. In this exoenment. we used oley- 
iamine (OA) as LFA and examined the signaling pathways to induce aooptosis in 
Ki-ras transformed fibroblasts and human pancreatic cancer cell lines. In both 
cells, apoptosis was nduced by OA and JNK activity was increased as well as by 
FA, but not in parent fibroblast (NIH3T3). Although the OA-induced aoootosis was 
caspase-dependent, caspase inhibitors did not affect JNK activation, the block- • 
age of JNK activity by dominant negative mutant significantly abrooated the 
cytotoxic effect of OA and DNA laddering. OA did not act as FTI, but decreased 
the upregulated ERK activity. In contrast to indispensable effect of JNK in OA- " 
induced apoptosis, attenuated ERK activity alone was not sufficient, but might be 
required, because MEK inhibitor PD98059 alone did not induce aooptosis. The 
kinase activity of Akt, which transduce p21 ras mediated survival sianaling, 
resulted in no marked change. Multiple signaling pathways including JNK, ERK,' 
and their downstream caspases mediate the apoptosis and miaht be shared, at 
least in part, in FA-induced selective cytotoxicity on Ki-ras mutant cells. 

#2847 PHARMACOLOGICAL INDUCTION OF PHOSPHATIDYLINOSITOL 
ACCUMULATION IS ASSOCIATED WITH CYTOLYStS OF NEOPLASTIC 
CELLS. Robert E Finney,' E Nudelman, S A Shaffer, T White, S Bursten, L L Leer 
N Wang, D Waggoner, J W Singer, and R A Lewis, Cell Tnerapeutics foe Seattle 
WA 

De novo phospholipid biosynthesis is required for growth of tumor cells. Here, 
we demonstrate that phospholipid biosynthesis through phosphatide acid (PA) in 
neoplastic cells can be exploited for development of ■ cytotoxic anti-cancer 
agents. PA is a key intermediate for biosynthesis of phosohatidylcholine (PC), 
phosphatidylethandlamine (PE), and phosphatidylserine (PS) throuoh a diacyi- 
glycerol (DAG) intermediate and for biosynthesis of the anionic phospholipids , 
cardiolipin (CL) and phosphatidylinositol (PI), through a cytidinediphosohate-DAG 

\ intermediate. In addition to de novo PA production from iysophosphatidic acid 
(LP A), production of PA by phospholipase D has been cited among the effects of 
certain oncogenes (e.g. ras; fps, and sre) and" growth factors (e.g. PDGF, EGF, 
FGF, Insulin). CT-2584, a cancer chemo therapeutic drug candidate currently in 
Phase II clinical trials, decreased utilization of PA for PC biosynthesis and in- 
creased PA utilization for PI biosynthesis. A two to three-fold increase in PI was 
observed in tumor cell lines derived from breast, lung and prostate, was associ- 
ated with cytotoxic concentrations of CT-2584, and occurred well prior "to cytol- 
; 'sis of the tumor celi lines. In contrast, cytotoxic concentrations of cisplatin did 
not induce accumulation of PI, indicating that P! elevation by CT-2584 was not a 
■'ieneral consequence of chemotherapy-induced cell death. Consistent with this 
nechanism of action, propranolol, an inhibitor of phosphatide acid phosphohy- 
tirolase and PC biosynthesis, was also cytotoxic to tumor cell lines, induced PI 
/accumulation, and was synergistic with CT-2584 in cytotoxicity assays. As ex- 
/pected from the biophysical properties of anionic phospholipids on cellular mem- 
j branes, CT-2584 cytotoxicity was associated with disruption and' swelling of 
i endoplasmic reticulum and mitochondria. We conclude that CT-2584 effects a 
nove! mechanism of action involving modulation of phospholipid metabolism in 
/ cancer cells. 

#2848 THE EFFECTS OF LYSOPHOSPHAT1DYLCHOLINE ON TNF-a 
PRODUCTION INDUCED BY LIPOSOMAL ET-18-OCH3. Marina YPushkareva. 
Andrew S Janoff, -and Eric Mayhew, The Liposome Co , Inc, Princeton, NJ 

the incorporation of 1-o-octadecyi-2-o-methyl-sn-glycero-3-phosphocholine 
(ET-18-OCH3) into optimized liposomes (ELL-12) overcomes the non-specific 
hemolytic effects of ET-18-OCH3 while maintaining or enhancing anti-cancer 
- - efficacy. ELL-12 is currently in Phase I clinical trial. We showed previously that in 
vitro ELL-12 induced growth inhibition is associated with a time- and dose- 
dependent production of tumor necrosis sipha (TNF-a). As lysophosphatidylcho- 
Eine (lysoPC) has been shown to modulate the growth inhibiting effects of ELL-12, 
it was of interest to determine the effects of lysoPC on ELL-1 2-induced TNF-er 
production by U-937 cells. We treated U-937 cells wtth different concentrations of 
ELL-12 and lysoPC for various times. Maximum of TNF-a production (0.78 ±0: 17 
ng per 1 0 5 cells) was observed after 48 hours of incubation of U-937 cells with 3-4 
^.M ELL-12. LysoPC prevented induction of TNF-a production in dose-dependent 
manner. For example, 20 of lysoPC completely prevented TNF-a production 
at 48 hours, whereas 2 fM lysoPC produced 50 % inhibition.. The effects on 
i NF-cr production were not directly coupled to the effects of lysoPC cn reduction 
of ELL-1 2-induced growth inhibition, since 2 lysoPC did not significantly 
affect ELL-1 2-induced growth inhibition. ET-18-OCH3 and lysoPC share struc- 
tural similarity and have common cellular targets including inhibition of de novo 
phosphatidylcholine synthesis. The possible mechanism of inhibition of ELL-1 2- 
induced t NF-a production by lysoPC will be discussed. 
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Notes on 17-AAG clinical trials from ASCO meeting, May 2001, San Francisco 

JL. Jr ntz 

1. Banerji et al (Workman group, UK). (Abstract 326) ^ 

tolled 2TTJSSe5B^ melanoma (most of any type). (patients showed stable disease 
(both melanoma^t^2D mg/). Drug comes as 25 mg/ ml in ' DMSO. ~^ — ■ ' 

RD measurements: HSP70 increased 

Raf decreased 

In one melanoma patient, CDK4 went down and HSP70 went up 
(no Raf in that tumor) 

PK: at320mg/m 2 : Cmax.= 5-10 uM 

Has good xenograft data. 

No myelotoxicity even at peak doses. 

2. Wilson et al (NIH arm of the study) (Abstract 325) 

7i SO i- ] K Sented ^ P ° Ster - bUt haS returned t0 Northem Mand Jean Grem ' 
now heads the N IH arm of the clinical trial. 

Patients entered: 

Colorectal 6 ' 

Pancreatic 5 

Renal 2 

Various 1 each 

Total 18 patients . 

Wilson says Len Neckers was wrong - no lung cancer response was seen - in fact n9o0 
lung cancer patient has been entered at NIH. - . ; 

They have seen two patients with stable disease: 1 colorectal and 1 renal Rnt w;i™ 
says you see these types of patients stabilize spontaneously ' ^ 

PD measurements: 




tt3 k ^ RaM > PBL ' S 2 > **> HSP70 up - all by 

Regarding who at CTEP is in charge of the 1 7-AAG project: 




Louise Grachow Runs Investigative Drug Branch in CTEP 

Susan Arbuck Runs Developmental Chemotherapy Section (runs it or is m in 

Reports to Grachow. Is directly responsible for 1 7-A^G Ibuck" ^ 
person we should contact ^ouckistlie 

■ Dale Shoemaker H e was mentioned, but I'm not sure what his role is. 

Sherry Ansher ■ Interacrs with companies for CT£p _ 

her as "more like a lawyer". uescnoea 

3. Munster et al (MSKCC trial data) (Abstract 327) 

Pamsaid she'd send us the slides that comprised her poster 

4 Also spoke with the clinicain who runs the Mavo Clinic arm of the 1 7 A a r ♦ • i it 
sajd they are having trouble rehably measuring Lck aJ^^^L^ 
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Advances in Brief 

17-AUylamino-17-demethoxygeldanamycin Induces the Degradation 
of Androgen Receptor and HER-2/neu and Inhibits the 
Growth of Prostate Cancer Xenografts 1 



David B. Solit, Fuzhong F. Zheng, 
Maria Drobnjak, Pamela N. Miinster, 
Brian Higgins, 2 David Verbel, Glenn Heller, 
William Tong, Carlos Cordon-Cardo, 
David B. Agus, 3 Howard I. Scher, and 
Neal Rosen 4 

Program in Ceil Biology [D. B. S, F. F. 2, P. N. M., N. R.], and 
Departments of Medicine [D. B. S.. B. H., D. B. A., H. I. S., N. R.], 
Pathology [M. D., C. C-C], and Epidemiology and Biostatistics 
[D. V., G. H.], Memorial Sloan-Kettering Cancer Center, New York, 
New York 10021 

Abstract 

Purpose: Ansamycin antibiotics, including 17- 
allylamino-17-demethoxygeldanamycin (37-AAG), inhibit 
Hsp90 function and cause the selective degradation of sig- 
naling proteins that require this chaperone for folding. Be- 
cause mutations in the androgen receptor (AR) and activa- 
tion of HER2 and Akt may account, in part, for prostate 
cancer progression after castration or treatment with anti- 
androgens, >ve sought to determine whether an inhibitor of 
Hsp90 function could degrade these Hsp90 client proteins 
and inhibit the growth of prostate cancer xenografts with an 
acceptable therapeutic index. 

Experimental Design: The effect of 17-AAG on the ex- 
pression of Hsp90 regulated signaling proteins in prostate 
cancer cells and xenografts was determined. The pharma- 
codynamics of target protein degradation was associated 
with the toxicology and antitumor activity of the drug. 

Results: 17-AAG caused the degradation of HER2, Akt, 
and both mutant and wild-type AR and the retinoblastoma- 
dependent G l growth arrest of prostate cancer ceiis. At 
nontoxic doses, 17-AAG caused a dose-dependent decline in 
AR, HER2, and Akt expression in prostate cancer xe- 
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nografts. This decline was rapid, with a 97% loss of HER2 
and an 80% loss of AR expression at 4 h. 17-AAG treatment 
at doses sufficient to induce AR, HER2, and Akt degrada- 
tion resulted in the dose-dependent inhibition of androgen- 
dependent and -independent prostate cancer xenograft 
growth without toxicity. 

Conclusions: These data demonstrate that, at a tolera- 
ble dose, inhibition of Hsp90 function by 17-AAG results in 
a marked reduction in HER2, AR, and Akt expression and 
inhibition of prostate tumor growth in mice. These results 
suggest that this drug may represent a new strategy for the 
treatment of prostate cancer. 

Introduction 

Prostate cancer can be eradicated when localized, but sys- 
temic disease remains incurable. Androgen ablation is the stand- 
ard treatment for advanced disease, but despite dramatic clinical 
responses, virtually all of the patients relapse (1). The mecha- 
nisms responsible for disease progression after castration or 
treatment with an ti androgens are complex and not fully under- 
stood. The AR 5 is expressed at normal or amplified levels in 
most patients with androgen-independent disease, and several 
gain of function mutations have been characterized (2-4). These, 
include mutations within the ligand-binding domain that alter 
ligand-binding specificity and have been associated with clinical 
progression after antiandrogen therapy (4). 

In a majority of cases, changes in the AR gene have not been 
identified suggesting that other mechanisms must be involved. 
Recent studies show that activation of receptor tyrosine kinase 
signaling pathways leads to phosphorylation of steroid receptors 
and their activation in a Hgand-independent manner (5-8). In one 
experimental system, selection for prostate tumor cells that grow at 
low levels of androgen was associated with overexpression of the 
HER2 receptor tyrosine kinase. (9). Thus, prostate cancer tumor 
growth after castration or treatment with hormone receptor antag- 
onists may be mediated by AR mutation or its ligand-independent 
activation by upstream tyrosine kinase pathways. 

Ansamycin antibiotics, exemplified by GM, are natural 
products that bind to a conserved pocket in the Hsp90 family of 
chaperone proteins (10-12). Hsp90 is not required for general 
cotranslational protein folding but does play a role in the re- 
folding of proteins in cells exposed to stress (.13, 14). It is also 
required for the conformational maturation of Raf and steroid 
receptors (15, 16). High concentrations of ansamycins prevent 



5 The abbreviations used are: 'AR. androgen receptor; GM, geldanamy- 
cin; 17-AAG, 17-aIlylamino-17-dcmethoxygcldanamycin: RB. retino- 
blastoma; P[3k, phosphatidyl inositol 3-kinasc; MAPK. mitogen-acti- 
vatcd protein kinase; EPL, cgg-phospholipid; PSA. prostate specific 
antigen. 
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Geldanamycin (GM) 17-AAG 

Fig. J Structures of GM and 17-AAG. 



the binding of Hsp90 to its target proteins, which then cannot 
achieve their mature conformation (17). In addition, binding of 
ansarnycins to the Hsp90-uri folded protein complex stabilizes 
the complex by preventing the ATP-dependent release of the 
chaperones (18, 19). The unfolded proteins in the complex are 
then ubiquinated and targeted for degradation in the proteasome 
(20,21). 

Occupancy of the Hsp90 pocket by GM causes the degrar 
dation of several signaling proteins important in mediating 
prostate cancer growth. These include AR and members of the 
HER family of receptor tyrosine kinases (15, 18, 20-22). Here 
we show that treatment of prostate cancer cell lines with the GM 
derivative 17-AAG (Fig. 1). results in the degradation of HER2, 
and both wild-type and mutant AR, . growth arrest, and an 
.RB-dependent Gj block. Furthermore, at nontoxic doses, 17- 
AAG induces the degradation of AR and HER family tyrosine 
kinases in prostate tumors, and inhibits their growth. These data 
suggest that 17-AAG is effective in inhibiting pathways re- 
quired for the growth of advanced prostate cancer. Moreover, 
ansarnycins can inhibit Hsp90 function in mice without toxicity 
and, thus, may represent a new strategy for the treatment of this 
disease. 

Materials and Methods 

Materials. 17-AAG (NSC 330507) was obtained from 
the Drug Synthesis and Chemistry Branch, Developmental 
Therapeutics Program, National Cancer Institute (Bethesda, 
MD). Drug was dissolved in DMSO to yield 10 piM and 50 
mg/ml stock solutions, and stored at -20°C. The following 
antibodies were used: Akt (Ceil Signaling, Beverly, MA; 1 :500) } 
AR (PharMingen, San Diego, CA; 1:250 for immunoblot and 
1:100 for immunofluorescence), HER2 (Santa Cruz Biotechnol- 
ogy, Santa Cruz, CA; C-18, 1:1000), HER3 (Santa Cruz Bio- 
technology; C-17, 1:1000), Hsp70 (StressGene, Victoria, British 
Columbia, Canada; 1:1000), Hsp90 (StressGene; . 1: 1000), 
MAPK (Cell Signaling; 1:1000), p85 subunit of PI3k (Upstate 
Biotechnology, Lake Placid, NY; 1:2000), and RB (Phar- 
Mingen; 1:1000). 

Cell Culture. The human prostate cancer cell lines 
LNCaP, DU-145, and PC-3 were obtained from the American 
Type Culture Collection (Rockville, MD) and maintained in 
RPMI 1640 supplemented with 5-10% heat-inactivated fetal 
bovine serum, 2 mM glutamine, and 50 units/ml of penicillin and 
streptomycin in a humidified 5% C0 2 /air atmosphere at 37°C. 



LAPC-4 was generously provided by Charles Sawyers (UCLA. 
Los Angeles, CA) and maintained in Iscove's modified Dulbec- 
co's medium supplemented with 10% fetal bovine serum and 10 
nM R1881. 

For the Alamar Blue proliferation assay, 2-4 X 10 3 cells 
were plated in 96-well plates. Later (48 h), cells were treated 
with 17-AAG for 96 h or 0.01% DMSO as control. On day 4, 
Alamar Blue viability assay (AccuMed, Westlake, OH) was 
performed as described elsewhere (23). IC 50 and IC 90 s were 
calculated as the doses of 17-AAG required to inhibit cell 
growth by 50 and 90%, respectively. Cell cycle distribution was. 
assayed as described previously by Nusse et al. (24) with a 
Becton Dickinson fluorescence-activated cell sorter and ana- 
lyzed by the Cell Cycle Multicycle system (Phoenix Flow 
System, San Diego, CA). 

Irnmunoblotting. For immunoblotting, cells in culture 
were harvested in medium, washed twice in PBS, and then 
dissolved in SDS- lysis buffer [50 mM Tris-HCl (pH 7.4) and 2% 
SDS], boiled for 10 min, and sonicated briefly. Cell lysates were 
cleared by centrifugation at 14,000 X g for 10 min, and super- 
natants were collected as the experimental samples. Lysates 
were added to sample buffer [0.3125 M Tris-HCl (pH 6.8), 10% 
SDS, 50% glycerol, and 77.5 mg/ml DTT], and equal amounts 
of protein were resolved by SDS-PAGE and transferred to 
nitrocellulose membranes. Blots were blocked in 5% nonfat 
milk in Tris-buffered saline [0.1% Tween 20, 10 mM Tris (pH 
7.4), and 150 mM NaCl] and subsequently probed with the 
antibody of interest. After incubation with horseradish peroxi- 
dase-conjugated secondary antibodies, proteins were visualized 
by chemiluminescence (Amersham Corp., Piscataway, NJ). To 
prepare lysate from xenograft tumors, tumor tissue was homog- 
enized in 2% SDS lysis buffer for 30 s then processed as above. 

Immunofluorescence. For immunofluorescence, 5 X 
10 3 cells were plated onto fibronectin-coated chamber slides 
(Fisher Scientific). Cells were then incubated with 17-AAG, 500 
nM, or 0.01% DMSO (control). At the indicated time points, 
slides were washed twice with ice-cold PBS,, and fixed with 
methanol and acetone solution (1:1) for 5 min. Fixed monolay- 
ers were rehydrated with water and then blocked with 3% BSA 
in PBS solution. After nonspecific blocking, cells were incu- 
bated with anti-AR monoclonal antibody in 1% BSA in PBS at 
room temperature then washed three times with PBS. Monolay- 
ers were then incubated with an Alexa-488 conjugated second- 
ary antibody for 1 h at room temperature. Nuclei were stained 
with 0.5 (xg/ml bis-benzimide (Hoechst 33342). 

Animal Studies: Four- to six- week old nu/nu athymic 
male and female mice were obtained from the National Cancer- 
Institute -Frederick Cancer Center (Frederick, MD) and main- 
tained in ventilated caging. Experiments were carried out under 
an Institutional Animal Care and Use Committee-approved pro- 
tocol, and institutional guidelines for the proper and humane use 
of animals in research, were followed. Before administration, 
17-AAG was dissolved, in an EPL vehicle developed for this 
purpose by the National Cancer Institute. To aid in the identi- 
fication of an optimal dose and schedule, nontumor bearing 
mice were treated by i.p. injection with 25-200 nig/kg of 17- 
AAG 5 days/week for 3 weeks or by the EPL vehicle alone. 
Serum samples were taken from each group, and equal volumes 
were pooled on days 5, 10, and 15 of treatment for serum 
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F/g. 2 17-AAG treatment of 
prostate cancer cell lines causes 
an RB-dcpcndcnt cell cycle ar- 
rest. LAPC-4 (wild -type RB), 
LNCaP (wild-type RB), and 
DU-145 (mutant RB) cell lines 
were treated with 0 (0.01% 
DMSO), 100, or 250 nM 17- 
AAG for 4S h. Cell cycle dis- 
tribution was assessed by fluo- 
rescence-activated cell sorter 
analysis. LAPC-4 and LNCaP 
cells arrested in G,. By immu- 
nofluoresccnt staining, DU-145 
cells arrested in mitosis (DNS). 



chemistry and liver function analysis. At sacrifice, plasma sam- 
ples were collected for complete blood count. A gross necropsy 
was performed on all. of the mice, and a complete necropsy, 
including histopathology, was performed on 1 animal/group. 

Male animals were inoculated s.c. with minced tumor tissue 
from donor mice bearing the androgen-dependent CWR22 xe- 
nograft line. Females were inoculated in the same way with the 
androgen-independent xenografts CWR22R and CWRSA6. These 
variants were derived from tumors that regrew after castration- 
induced regression of CWR22 tumors (25). Tumor cells were 
injected together with reconstituted basement membrane (Matrigel; 
Collaborative Research, Bedford, MA). To maintain stable serum 
testosterone levels, 12.5-mg 90-day sustained release testosterone 
pellets (Innovative Research of America, Sarasota, FL) were placed 
s.c. before inoculation with .androgen-dependent tumor. Tumor 
dimensions were measured twice a week with vernier calipers, and 
tumor volumes were calculated with the formula: tt/6 X larger 
diameter X (smaller diameter) 2 . Mice with established tumors 4-5 
mm in diameter were selected for study (n = 5-8 per treatment 
group). All of the mice received Augmentin (Amoxicillin/Clavu- 
lanate potassium; SmithKline Beecham) in their drinking water 
while on therapy. Mice were sacrificed by C0 2 euthanasia. 

Both continuous and intermittent dosing schedules were 
studied. The "continuous" dosing schedule involved exposure to 
drug 5 days/week for 3 consecutive weeks. In the "intermittent 1 ' 
schedule, mice were treated with one 5 -day cycle and then 
monitored for tumor progression. At progression, mice were . 
treated with a second 5-day cycle of drug. In experiments with 
the androgen-dependent CWR22 tumor, serum PSA levels were 
measured with the PSA Assay kit (American Qualex Antibod- 
ies. San Clemente, CA). 

In experiments designed to define the pharmacodynamic 
effects of 17-AAG on AR and HER-kinase expression, mice 



with established tumors were treated with 1 7-AAG at the doses 
specified or with EPL alone. At the time of sacrifice, serum was 
collected, and tumors were flash frozen or fixed in 10% buffered 
formalin. Immunohistochemistry for AR (clone F39.4.1; 2 (xg/ 
ml; BioGenex, San Ramon," CA) and HER2 (HercepTest; 
DAKO Corp., Carpinteria, CA) were performed as described 
previously (25, 26). Serum concentrations of 17-AAG and 17- 
amino-17-demethoxygeldanamycin were determined by high- 
performance liquid chromatography based on the method of 
Egorin et al. (27). 

Statistical Analysis. A permutation test was used to 
compare the average tumor volume over time between groups, 
using 5000 resamples. The null hypothesis of this test is that 
there is no difference in the change in tumor volumes over time 
between treatment groups. The statistic used to test this hypoth- 
esis was the sum ofthe squared differences between mean tumor 
volume summed over all time points, which in effect, compares 
the trajectories of the average tumor volume between treatment 
groups. It is defined as follows: 

k 

SS_DEV= Sfo-j/,) 2 , 
j=i 

where there are A: time points and x £ and J/,, are the average tumor 
volumes at time i in each treatment group. The Wilcoxon 
sum-rank test was used to compare treatment and control group 
serum PSA values. 

Results 

17-AAG Inhibited Prostate Cancer Cell Proliferation 
by Causing an RB-dependent G 1 Growth Arrest. 17-AAG 
is a less toxic derivative of GM now in clinical trial. We found that 
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F/g. 3 Effect of 17-AAG on signaling proteins in LNCaP and LAPC-4 
prostate cancer cells. Cells were treated for 24 h with 17-AAG at the 
indicated doses or DMSO (0.01%) as control. By immunoblot 17-AAG 
caused a dosc-dcpcndcnt decline in AR, HER2, HER3, and Akt expres- 
sion and hypophosphorylation of RB. Levels of Hsp70 and Hsp90 were 
increased. No change in p85 PI3k or MAPK expression was noted. 



1 7-AAG inhibited the anchorage-dependent growth of four repre- 
sentative prostate cancer cell lines. After 96 h of exposure, lC 50 s 
ranged from 25-45 nM (LNCaP, 25 nM; LAPC-4. 40 avt; DU-145, 
45 nM; and PC-3, 25 nM). At doses that caused complete growth 
arrest (75-125 nM for LNCaP and LAPC-4; and 150-200 nM for 
DU-145), prostate cell lines with intact RB (LNCaP, LAPC-4, and 
PC-3) arrested in Gj after 17-AAG treatment, whereas DU-145, an 
androgen-independent cell line with mutated RB, arrested in mito- 
sis (Fig. 2; data not shown). Growth arrest was accompanied by 
hypophosphorylation of RB (Fig. 3). These data are consistent with 
previous results in which we showed that the ansamycin Herbimy- 
cin A caused an RB-dependent G l block with RB-negative cells 
undergoing arrest in prometaphase (28, 29). 

17-AAG Caused the Down-Regulation of HER2, HER3, 
and AR. Modulation of Hsp90 function by ansamycins causes 
the proteasomal degradation of a subset of cellular proteins. 
Most proteins and mRNAs are unchanged, as determined by 
evaluating multiple specific control proteins (PI3k and MAPK 
in Fig. 3 and DNS), the lack of change in the patterns of total 
cellular protein expression (DNS), and microarray analysis (30). 
HER2 is expressed at significant levels in both LAPC-4 and 
'LNCaP, and is one of the most sensitive and rapidly degraded 
targets of 17-AAG (Fig. 3). HER3 and Akt levels also declined 
after 17-AAG treatment. 17-AAG increased the expression of 
the heat shock proteins Hsp90 and Hsp70. 

Both wild-type AR (LAPC-4) and the ThrS77Ala AR mutant 
found in LNCaP are sensitive to the drug as determined by immu- 
noblot (Figs. 3 and 4). Exposure to 500 nM (24 h) of drug resulted 
in a 91% reduction in wild-type AR and a 92% reduction in the 
ThrS77Ala AR mutant expressed by LNCaP cells. In LNCaP cells 
grown in serum-supplemented medium, most AR resides in the 
nucleus. Six and 12 h after 17-AAG treatment, nuclear AR staining 
was lost, and only faint cytoplasmic staining could be identified 
(Fig. 4). By 24 h, AR staining was again apparent with 52% of cells 
demonstrating detectable levels of nuclear AR by immunofluores- 
cence. The intensity of nuclear AR staining within this population 



was heterogeneous with only 10% of cell demonstrating nuclear 
AR staining equivalent to control levels (Fig. 4). 

Toxicology Studies. The degradation of mutant AR and 
HER2 by 17-AAG suggests that this agent may be useful in the 
treatment of advanced prostate cancers. We sought to determine 
whether inhibition of these pathways could be accomplished in 
vivo with nontoxic doses of 17-AAG. The GM-Hsp90 domain 
has been studied in various species (yeast, bacteria, Drosophila, 
mouse, and human) and is highly conserved across species (1 1). 
Specifically, human and murine "Hsp 90ct have >99% homol- 
ogy. Therefore, we evaluated the toxicity profile and -pharma- 
cology of 17-AAG in tumor and nonrumor bearing nu/nu athy- 
mic mice. 17-AAG is metabolized by hepatic microsomes into 
at least five metabolites (27). The major metabolite, 17- AG, is 
active and is equally potent in degrading HER2 and AR in 
LNCaP and LAPC-4 cell lines. 6 We measured 17-AAG and 
17-AG plasma concentrations after i.p. administration of one 50 
mg/kg dose. 1 7-AAG was rapidly absorbed, and peak levels of 
>10 jjlM were achieved within 30 min. Serum levels of 17-AG 
>1 }xm were also detectable by high-performance liquid chro- 
matography. Both 17-AAG and 17-AG were then rapidly 
cleared with no detectable plasma levels 8 h after injection. 

We found that the maximally tolerated dose of 17-AAG was 
schedule dependent and higher in control mice than* in tumor- 
bearing mice. In nontumor bearing mice, treatment with three 
consecutive 5 -day cycles of 75 mg/kg or more caused toxicity as 
evidenced by weight loss, elevated liver transaminase levels, ane- 
mia, and death (1 of 4 mice at the 75 mg/kg dose level, 3 of 4 mice 
at 1 25 mg/kg, and 4 of 4 mice at 200 mg/kg). Necropsy of mice 
after treatment with 17-AAG or the vehicle alone revealed perito- 
nitis, possibly related to the i.p. route of administration, but no other 
gross or histological abnormalities. With less frequent dosing, up to 
1 50 mg/kg/day of drug could be safely administered without evi- 
dence of toxicity (weight loss or death). 

17-AAG Caused a Reduction in .AR, HER2, and HER3 
Expression in Prostate Cancer Xenograft Tumors. To de- 
termine whether nontoxic doses of 1 7-AAG could induce down- 
regulation of AR and HER kinases in vivo, we studied the 
effects of 17-AAG on the expression of these cellular proteins in 
the CWR22 xenograft model. In CWR22, the AR contains a 
mutation (histidine->tyrosine at residue 874) located -within the 
ligand-binding pocket (31). Despite this mutation, androgens are 
still required for the growth of this tumor. Castration of CWR22 
tumor-bearing mice causes tumor regression followed 80-200 
days later by a resumption of tumor growth (25). Several of 
these variants have been serially passaged, and two (CWR22R 
and CWRSA6) were selected for additional use. 

. We treated mice bearing CWR22 or CWRSA6 (androgen- 
independent) tumors with 25 or 50 mg/kg 17-AAG or EPL 
diluent for 4 days. After the final dose (8 h), the mice were 
sacrificed and the tumors removed. Four days of 17-AAG treat- 
ment resulted in a dose-dependent reduction in the expression of 
AR, HER2. HER3. and Akt (Fig. 5A; CWR22 DNS)! A dose of 
50 mg/kg resulted in an 87% decline in AR, a 85% decline in . 
HER2, a 50% decline in HER3, and a 60% decline in Akt 



' F. Zheng, unpublished observations. 
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expression in CWRSA6 tumors. Treatment was also associated 
with an 8-fold increase in Hsp70 and a 1.5-fold increase in 
Hsp90 levels. No change in the expression of PI3k was noted. 

To characterize the kinetics of this effect, mice with well- 
established CWRSA6 tumors of comparable size were treated 
with a single dose of 17-AAG 50 mg/kg and sacrificed pretreat- 
ment and from 2 to 48 h afterward. A rapid, >50% decline in 
AR, HER2, and HER3 expression in the tumors was noted by 
2 h (Fig. SB). The maximal declines in AR and HER2 were 
noted at 4 h: a 97% reduction in HER2 and an 80% reduction in 
AR. By 24 h, AR expression returned to near baseline levels, 
whereas a rise in HER2 expression was not noted until 48 h after 
drug administration. The kinetics of HER2 recovery was similar 
in mice treated with 3 or 5 consecutive days of 17-AAG with its 
expression returning to near control levels 48 h after the final 
dose of therapy (DNS). With a single dose of therapy, the effect 
of 17-AAG on Akt expression was more delayed and less 
pronounced (maximum decline of 35% at 8 h)than that seen 
with AR, HER2, and HER3 (DNS). 

In untreated CWRSA6 tumors, AR staining was compartmen- 
talized in the nucleus (Fig. 5Q. The frequency and intensity of this 
staining was diminished 4 and 8 h after 17-AAG administration. A 
steep decline in the mitotic index and a loss in membranous HER2 
staining were also apparent at these time points. These data dem- 
onstrate that at nontoxic doses, 17-AAG induces the degradation of 
AR, HER2, HER3, and Akt in prostate tumors. 

17-AAG Inhibited the Growth of Androgen-dependent 
and Androgen-independent Prostate Cancers. We studied 
the effects of two different dosing schedules of 17-AAG on the 
growth of CWR22, CWRSA6, and CWR22R tumors. The in- 
termittent schedule consisted of a 5-day treatment cycle fol- 
lowed by a second, cycle when definitive evidence of tumor 
regrowth occurred. The continuous schedule was comprised of 
three consecutive weekly 5-day cycles. Both regimens caused a 
dose-dependent delay in xenograft tumor growth in all three 
models (Table 1; Fig. 6). For example, with the continuous 



schedule, 50 mg/kg 17-AAG caused 80% growth inhibition of 
CWRSA6 tumor growth when assessed on the day the controls 
required sacrifice [Table 1; Fig. 6A, mean tumor volume (treat- 
ment group) versus mean tumor volume (control) on day 29; 
P < 0.01]. With the intermittent schedule, 17-AAG caused '87% 
growth inhibition of CWRSA6 tumor growth (Table 1 ; Fig. 6B; 
P < 0.01). Similar results were noted with the parental CWR22 
model and with a second androgen-independent subline 
CWR22R/ Furthermore, in mice bearing CWR22 tumors, 17- 
AAG treatment (50 mg/kg dose level) was associated in an 
—60% reduction in serum PSA (Day 25 scrum PSA; intermit- 
tent schedule: 61% reduction versus control, P < 0.01; contin- 
uous schedule: 62% reduction, P < 0.01). These data demon- 
strate that at tolerable doses, 17-AAG inhibits the growth of 
prostate cancer cells in vivo. Additionally, growth inhibition 
correlates with a reduction in HER2, HER3, Akt, and the mu- 
tated AR (His874Tyr) expressed in the tumor. 

Discussion 

In this report, we examined the effects of 17-AAG on 
prostate cancer growth using a panel of prostate cell lines and 
the CWR22 xenograft model. 17-AAG is a less : toxic derivative 
of the ansamycin GM and is now in clinical trial. We found that 
17-AAG causes the selective degradation of a subset of proteins, 
many of them involved in mitogenic signaling. These included 
both wild-type (LAPC-4) and mutant (LNCaP, CWR22) ARs, 
and the HER2 and HER3 receptor tyrosine kinases. The expres- 
sion of Akt, which is downstream of HER2 and which may 
modulate AR signaling in tumors with HER2 overexpression, is 
also down-regulated by the drug (8). Most cellular proteins 
including MAPK and P13k were unaffected. 

We have shown previously that exposure of cancer cells to 
the ansamycins GM and herbimycin A leads to a loss of cyclin 
D-associated kinase activity and an RB-dependent G x growth 
arrest (28). Cells lacking RB -function progress through G { 
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Fig. 5 A, changes in target protein expression of CWRSA6 xenograft tumors from mice treated with 17-AAG at doses of 25 mg/kg and 50 mg/lcg 
daily for 4 days. Control mice received vehicle only. Mice were sacrificed 8 h after the final treatment on day 4. Immunoblot demonstrates a 
dose-dependent decline in AR, HER2, HER3, and Akt expression. Levels of Hsp70 and Hsp90 were increased. No change in the control protein p85 
PI3k was noted. This experiment was repeated with a second set of animals with equivalent results. B, mice with established CWRSA6 xenograft 
tumors treated with one dose of 1 7-AAG 50 mg/kg. Pretreatment and at the time points specified, mice were sacrificed and tumors removed. By 
immunoblot, a rapid decline in HER2, HER3, and AR expression is evident within 2 h of treatment. No change in p85 PI3k expression occurred. This 
experiment was repeated with a second set of animals with equivalent results. C immunohistocbemistry of CWRSA6 xenograft rumors demonstrating 
a loss of nuclear AR staining, a loss in membranous HER2 staining, and a reduction in the mitotic index 4 h after treatment with one dose of 17-AAG 
50 mg/kg. Similar findings were also noted 8 h after treatment. 



Table J Effect of continuous and intermittent dosins schedules of 
17:AAG on the growth of CV/R22, CWR22R and CWRSA6 
xenografts. 





Dose 




Percent (%) 




Tumor 


(mg/kg) 


Dosing regimen 


Inhibition (day) 


P 


CWR22 


25 


Continuous 


42 (24) 


<0.01 




■ 50 


Continuous 


67 (24) 


<0.01 




50 


Intermittent 


51 (25) 


0.01 


CWRSA6 


o< 


ti n u .j 


56 (29) 
80 (29) 






50 


Continuous 


<0.OJ 




50 


Intermittent 


87 (30) 


<0.0i 


CWR22R 


-25 


Continuous 


49 (21)- 


0.0 i 




50 


Continuous 


68(21) 


0.02 




50 


Intermittent 


67 (22) 


<0.01 



normally in the presence of drug and arrest in prometaphase 
before undergoing apoptosis. D-cyclins are not direct targets of 
ansamycins. but their expression is controlled at the' post-tran- 
seriptional level by a PI3k/Akt kinase-dependent pathway (32). . 
Consistent with these findings, LNCaP and LAPC-4 (wild-type 
R3) ceils arrested in G,, whereas DU-145, a cell line with 
mutant RB ; arrested in mitosis. 

We found that 17-AAG treatment reduced the expression of 
AR in prostate cancer xenografts and inhibited the growth of both 



andro gen-dependent and -independent tumors. The maximum ef- 
fect of 17-AAG on AR expression in the tumors was evident 4-8 
h after treatment with receptor levels returning .to baseline by 24 h. 
The degradation of wild-type and mutant AR by drug suggests that 
this class of agents may be particularly effective in the treatment of 
advanced andro gen-independent prostate cancer. The mechanisms 
responsible for the emergence of androgen-independent disease are 
complex and net fully understood In a subset of patients treated 
with AR antagonists, clinical progression is associated with AR 
gene amplification or mutation (4, 33). AR amplification may 
result in sufficient AR pathway activation to allow for rumor 
growth at low levels of testosterone. Mutations in AR may convert 
antagonists into agonists or lead to constitutive ligand-indepeudent 
activation of the receptor. For example the missense mutation 
(Thr877Ala) found in LNCaP cells has been identified in patients 
treated previously with flutamide, and this AR exhibits altered 
ligand specificity (4). Hydroxy flu tamide. adrenal androgens, and 
estrogens induce its activation and promote cell growth. In some 
patients, tumor regression may occur after flutamide withdrawal (4. 
34). These data suggest that mutation or overexpression of AR may 
play a role in the progression to an androgen-independent state. 
Although the antiproliferative effects of ansamycins may be mul- 
tifactorial and the result of inhibition of AR-indeoenden: oathwavs. 
the ability of ansamycins to degrade mutant as well as wild-type 
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CWRSA6 androgen-independent 
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forms of AR suggest that they may be useful in the treatment of 
such patients. 

In most patients whose tumors relapse after hormonal therapy, 
mutations or amplification of the AR gene have not been identified. 
Several recent studies suggest that modulation of AR activity by 
growth factor activated tyrosine kinase pathways allows for pros- 
tate cancer growth at low androgen levels. The epidermal growth 
factor, insulin-like growth factor-I, keratinocyte growth factor, and 
interleukin 6 all induce AR phosphorylation and the expression of 
PSA. a downstream target of AR (6, 35). Several lines of evidence 
suggest that HER2 may be important in this process. HER2 over- 
expression and gene amplification have been identified in a subset 
of patients with prostate cancer (36, 37). HER2 overexpression is 
more common in patients treated previously with hormonal therapy 
and those with androgen-independent metastatic disease (37). 
CWR22 and LNCaP both express high levels of HER2, and Her- 
ceptin (Trastuzumab), a humanized monoclonal antibody that binds 
to HER2, inhibits the growth of these xenografts' (26). A mecha- 
nism for this effect has been proposed by Yeh et. al (7) who 
demonstrated that HER2 activates AR by inducing its phosphor- 
ylation by MAPK. As 17-AAG targets both the AR and HER2 for 
degradation and thus inactivation, tumors that depend on tyrosine 
kinase pathway-mediated phosphorylation of AR for growth and 
survival after androgen ablation may be particularly sensitive to 
this agent. 

Akt. which is downstream of HER2. also phosphoryJates AR 
and may modulate AR signaling in tumors with HER2 overexpres- 
sion (8). We found that 17-AAG down-reguiated the expression of 
Akt in a dose-dependent manner in the xenograft rumors, although 
this effect was delayed and of a lesser degree than the effect of 
i 7-AAG on AR and HER2. Ksp90 has been reported recently to 
associate with Akt and regulate its activity' (38). Therefore, Akt 
■■may be a direct target of 17-AAG. Alternatively, the reduction in 



Akt expression caused by 17-AAG could be secondary to down- 
regulation of other pathways by the drug. 

In this report, we show that 17-AAG, an inhibitor of 
Hsp90 function, delays the growth of prostate tumors in vivo at 
nontoxic doses. The inhibition of growth correlated with re- 
duced expression of AR and HER-family kinases in the tumor. ' 
The results suggest that ansamycins may represent a new strat- 
egy for the treatment of advanced prostate cancers that depend 
on AR mutations or activated tyrosine kinases for tumor pro- 
gression. Human trials to evaluate the efficacy of 17-AAG in 
this setting are now in progress. 
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Background. It has previously been demonstrated that 
17-ailylamino geldanamycin (17-AAG) enhances pacli- 
taxel-mediated cytotoxicity and downregulates vascular 
endothelial factorexpression in non-small cell'lung can- 
cer. This project was designed to evaluate the tumoricida] 
and antiangiogeneic effects of 17-AAG and paclitaxel in 
H358 non-small cell lung cancer cells grown, as xeno- 
grafts in nude mice. 

Methods. In vitro cytotoxic drug combination effects 
were evaluated by (4, 5-dimethylthiazo-2-yl)-2, 5-diphe- 
nyl tetrazoliurn bromide-based proliferation assays. The 
combinations of 17-AAG and paclitaxel were adminis- 
tered intraperitoneal^ in nude mice bearing H35S tumor 
xenografts. Tumor volumes were measured weekly. Tu- 
mor expression of erbB2, vascular endothelial cell growth 
factor, von Willebrand factor (tumor micro vasculature), 
and activated caspase 3 (apoptosis) were determined by 
immunohistochemistry. t 
Results. Five- to 22-fold enhancement of paclitaxel 
cytotoxicity was achieved by paclitaxel + 17-AAG com- 
bination that was paralleled with marked induction of 
apoptosis. This combination treatment profoundly sup- 



pressed tumor growth and significantly prolonged sur- 
vival of mice bearing H358 xenografts. Immunohisto- 
chemical staining of tumor tissues indicated profound 
reduction of vascular endothelial cell growth factor ex- 
pression, associated with reduction of micro vasculature 
in tumors treated with 17-AAG. Apoptotic cells were 
more abundant in tumors treated with 17-AAG -f pacli- 
taxel than in' those . treated with 17-AAG or paclitaxel 
alone. 

Conclusions. Concurrent exposure of H3S8 cells to 
17-AAG and paclitaxel resulted in supraadditive growth 
inhibition effects in vitro and in vivo. Analysis of molec- 
ular markers of tumor tissues indicated that therapeutic 
drug levels could be achieved with this chemotherapy 
regimen leading to significant biological responses. 
Moreover, 17- AAG-mediated suppression of vascular en- 
dothelial cell growth factor production by tumor cells 
may contribute to the antitumor effects of this drug 
.combination in vivo. 

(Ann Thorac Surg 2001;72:371-9) 
© 2001 by The Society of Thoracic Surgeons 



Non-small cell lung cancers (NSCLC) frequently ex- 
hibit resistance to chemotherapy and ionizing ra- 
diation. Although dose-intensive regimens may increase 
response rates, they are frequently associated with se- 
vere systemic side effects. Treatment strategies designed 
to sensitize tumor cells to chemotherapeutic agents or 
radiation therapy may allow dose reduction, thereby 
diminishing systemic toxicity of cancer treatments. 

The molecular basis of chemoresistance in cancer is 
complex and appears to involve both genetic and epige- 
netic factors, including overexpression of erbBl and 
erbB2, encoding the epidermal growth 'factor receptor 
\— and orpi4an receptor jnER2/neu respectively. 
Inhibition of the function or the expression of the EGFr or 
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HER2/neu sensitizes tumor cells, including those of 
NSCLC histology, to standard cytotoxic agents such as 
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that sensitivity to paclitaxel could be enhanced in NSCLC 
cells overexpressing erbB2 after treatment with 17- 
allylamino geldanamycin (17-AAG) [4]. This agent has 
been selected for clinical development at the National 
Cancer Institute because of its activity against cell lines 
derived from a variety of human malignancies [5, 6]; 
antitumor effects of this compound relate in part to its 
abili Ly .to inhibit the expression of various oncoproteins 
including EGFr and KER2/neu at nanomolar to micro- 
molar concentrations [6, 7j. 

Overexpression of. EGFr or HER2/neu oncoproteins in 
lung, esophageal, breast, and ovarian cancers correlates 
with locally advanced disease, distant metastases, and 
diminished survival in patients with these malignancies' 
[8-10]. In vitro experimental data indicate that tumor 
cells overexpressing these oncoproteins exhibit one or 
more phenotypes associated with local invasion or dis- 
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tant ^stasis in vivo, including deregulation of 
--cache^n expression, increased expression of matrix 
metalloproteinases, and vascular endothelial growth fac- 
tor (VEGF), as well as accelerated invasion through 
artificial extracellular matrix [11-13]. Conceivably, inhi- 
bition of erbB-mediated signal transduction by monoclo- 
nal antibodies, which antagonize receptor ligand bind- 
ing, or compounds such as I7-AAG, which deplete 
erbBl/erbB2 expression, may effectively reduce the met- 
astatic potential of cancer cells. Exploiting the latter, 
approach, we have recently demonstrated that treatment 
of NSCLC cells with 17-AAG at nanomolar concentra- 
tions for 48 hours results in profound suppression- of 
VEGF and matrix metalloproteinase-9 secretion, as well 
as inhibition of cell motility through the artificial extra- 
cellular matrix membrane Matrigel (Sigma, St Louis, 
MO) [14]. The relevance of these findings, particularly 
the antiangiogenic effects of 17-AAG -mediated suppres- 
sion of VEGF production, have. not been defined. 

In the present study, we sought to examine the in vivo 
effects of paclitaxel and 17-AAG using nude mice bearing 
H358 NSCLC xenografts. Herein, we demonstrate that 
17-AAG + paclitaxel treatment mediates profound retar- 
dation of -tumor growth, and significant prolongation of 
survival in tumor-bearing animals. The in vitro effects of 
17-AAG on H358 cells were closely reproduced in vivo- 
diminished erbB2 arid VEGF expression in xenografts 
correlated with reduced" tumor capillary density in ani- 
mals receiving treatments containing 17-AAG. Apoptosis 
was most pronounced in xenografts from animals treated 
with 17-AAG -r paclitaxel. Collectively these data sup- 
port further evaluation of 17-AAG in combination with 
paclitaxel in lung cancer patients. 



Material and Methods 
Cells and Reagents- 

The NSCLC cell line H358 was purchased from American 
Tissue Culture Collection (Manassas, VA). Cells were 
maintained in RPMI media supplemented with glu- 
tamine (1 mmol/L), streptomycin (100 ^g/mL) /penicillin 
(100 U/mL), and 10% of fetal calf serum. Normal human 
^^ieiLOi Vvcre purcnasea rrom uionetics 
Corp (Walkersville, MD) and maintained in bronchial 
epithelial cell basal media (Clonetics Corp). The 17-AAG, 
obtained from the Drug Synthesis & Chemistry Branch' 
Developmental Therapeutic Program, Division of Cancer 
Treatment, National Cancer Institute, Bethesda, MD, was 
dissolved in dim ethyls ulf oxide (DMSO) to yield a 100 
^mol/L stock solution and stored at -70°C The selective 
erbB2 tyrosine kinase inhibitor AGS25 was obtained from 
Calbiochem/Oncogene Research Products (Cambridge, 
MA), dissolved in DMSO, and stored as 10 mmol/L stock 
solution. All experiments involving these two com- 
pounds were performed under subdued light conditions. 
Paclitaxel (Taxol, USP) was purchased from Bristol- 
Myers Squibb (Princeton, NJ). 4,5 -Dim ethyl thiazo-2-yl- 
2,5-diphenyl tetrazoHum bromide was purchased from 
Sigma (St. Louis, MO). Recombinant human epidermal 



growth factor (tGF) (R&D, Minneapolis, MN) and the 
anti-erbBl and anti-erbB2 monoclonal antibodies (Cal- 
biochem/Oncogene Research Products, Cambridge M \) 
were consdtuted in phosphate-buffered saline and stored 
at 4 C C as recommended by the manufacturers. Human 
VEGF enzyme-linked immunosorbent assay kit was ob- 
tained from R&D. A formulation of egg phospholipid 
emulsion m Dextrose solution was used to dissolve 17- 
AAG for parenteral administration. 

■Immunofluoresceni Staining and Flow Cytometric 
Analysis of erbBl and erbBl Expression 
Surface expression of erbBl and erbB2 on H35S or 
normal human bronchial epithelial cells was quantitated 
by flow cytometry using a Beckton -Dickinson fluores- 
cence-activated cell sorter as described previously [14]. 

Quantitation of Vascular Endothelial Cell Growth 
Factor Production by H35S Cells 

Cells were grown to 80% confluency in 12-well tissue 
culture plates, washed once with phosphate-buffered 
saline and media replenished with 1 mL of RPMI with 1% 
fetal calf serum with or without 20 ng/mL of EGF. In 
17-AAG- or AG825-treated groups, appropriate aliquots 
of 17-AAG or AG825 stocks were added into the culture 
media to yield desired drug concentrations 2 hours 
before stimulating tumor cells with EGF. After 24 hours 
of incubation, conditioned media were harvested and 
frozen at -70°C. Cells from each well were collected and 
cellular protein was assayed by BCA technique (Pierce 
Rockford, IL). The VEGF levels in the conditioned media 
were measured by enzyme-linked immunosorbent assay 
using a commerdaHy available kit and expressed as 
picograms per milliliter per 24 hours per milligram of 
cellular protein. 

In Vitro Evaluation of Drug Cytotoxicity 
Cells were seeded in flat-bottom 96-well microtiter plates 
(4,000 cells/well). After -an overnight incubation, ceUs 
were treated with either paclitaxel alone or 17-AAG -f 
paclitaxel combination. Cells were exposed to various 
concentrations (ranging from 4 to 1,000 nmol/L) of pacli- 
taxel for 90 minutes followed 

incubation in normal media or media containing 17-AAG 
(20 or 40 nmol/L). At the end of the incubation period 
viable cells were quantitated by (4, 5-rtmethylthiazo-2- 
yl)-2, 5-diphenyl tetrazoHum bromide colorimetric assays 
as described by the manufacturer. Paclitaxel dose- 
response ' curves were plotted as a fraction of viable 
paciicaxel-treated cells relative to cells grown in normal 
media. The H358 cells treated with the 17-AAG + pacli- 
taxel combination were plotted as fraction of viable cells 
restive to cells exposed io 17-AAG alone (to correct for 
the minor growth inhibitory effect of 17-AAG). Paclitaxel 
inhibitory concentration at 50% (IC 50 ) values for cells 
treated with paclitaxel alone or paclitaxel in combination 
with 17-AAG were derived from respective dose- 
response curves. A reduction of paclitaxel IC 50 values in 
cells treated with the drug combination indicated in- 
creased cellular responsiveness to paclitaxel cytotoxic 
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effects mediated by 17-AAG. To further confirm the 
synergistic cytotoxic drug interaction effect of paciitaxel 
and 3/-AAG, the combination index at 50% growth 
inhibition level (CI 50 ) was calculated [15]. The CI 50 °values 
3 ess than 1, equal to I, or more than 1 indicate synergistic, 
additive, or antagonistic cytotoxic drug interact on s, 
respectively. 

Apoptosis and Caspase 3 Activity . 
The K35S cells treated with paciitaxel alone (50 or 200 
nmol/L) or paciitaxel with 17-AAG (20 nmol/L) were 
harvested at 4S and 60 hours after drug treatment for 
measurement of caspase 3 activity and apoptosis, respec- 
tively. Caspase 3 activity in cell lysates was measured by 
colorimetric assay (R&D). After normalization for total 
protein in the cell lysates, caspase 3 activity was ex- 
pressed as fold increase over levels detected in untreated 
control cells. Apoptosis was quantitated by flow cytom- 
etry techniques using the Apo-BrdU kit (Pharmingen, 
San Diego, CA) and protocols contained therein. 

In Vivo H358 Human Tumor Xenografts Model 
The H358 human tumor xenografts were created in hind 
flanks of nude mice by inoculation of 10 7 cells suspended 
. in 100 uL of phosphate-buffered saline. Palpable tumors 
of 170 to 200 mm 3 appeared approximately 4 weeks after 
tumor cell injection. Tumor-bearing animals then re- 
ceived either paciitaxel (1 mg/kg dissolved in 100 pL of 
.phosphate-buffered saline once per week for 4 weeks), 
17-AAG (10 or 25 mg/kg in 100 uL of carrier solution at 
•three daily injections per week for 4 weeks) or pacii- 
taxel -h 17-AAG combinations (first doses of 17-AAG 
were administered concurrently with paciitaxel) by intra- 
peritoneal injections. Control animals received phospho- 
lipid-based drug carrier solution alone. Orthogonal di- 
ameters of tumors were measured weekly. Animals were 
euthanized when tumors reached maximally allowable 
volumes of 2,500 to 2,300 mm 3 . Tumor volumes were 
estimated using the following formula: V = 0.52 X a X 
b X c, where a, b, c are orthogonal diameters. 

Representative xenografts were harvested at the end of - 
treatment for evaluation of cellular expression of VEGF, 
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using immunohistochemical techniques. 
Data Analysis 

Data were expressed as mean ± standard deviation of at 
least three independent experiments. Paired t test, Stu- 
dent's / test, and one-way analysis of variance {with 
Bonferroni test for pairwise comparisons) were perT 
formed for statistical analysis using Prism 2.0 software 
package (Graphpad Software, Lnc, San Diego, CA). 



Results 

Depletion of erbBl and erbBl Expression on H358 
Cells by 17-AAG 

The H358 ceils expressed high levels of erbB2 (approxi- 
mately threefold higher than the level detected on nor- 
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Fig 2. Immunofluorescence flow cytometric analysis of surface ex- 
pression of erbBl and erbBl on H358 cells at'b^seline and after 24 
hours of exposure to 17-alh/lamino geldantzmycin (17-AAG; Q0 or 
80 nmol/L). Depletion of erbBl (only at 80 nmol/L of 17-AAG) and 
erbBl levels after 17-AAG treatment was indicated by significant 
reduction of erbBl and erbBl mean fluorescence intensity and shift- 
ing of the curves to the left Representative data of three independent 
experiments that yielded similar results are shown. 

mal human bronchial epithelial cells), with mean fluo- 
rescence intensity of 160 ± 11. Exposure of H35S cells to 
20 or 80 nmol/L of 17-AAG for 24 hours resulted in a 
dose-dependent reduction of erbB2 mean "fluorescence 
intensity to 80 ± 6 and 40 ± 8 (p < 0.01 versus baseline 
controls, n = 3) (Fig 1). Moreover, at the higher dose of 
17-AAG, erbB2 expression was completely depleted in 
65% of treated cells. In contrast, erbBl expression in H358 
cells was comparable to normal human bronchial epithe- 
lial cells, and depletion of erbBl was achievable only at 
high concentration of 17-AAG. Exposure to SO nmol/L of 
17-AAG for 24 hours reduced erbBl expression by 35% 
mean fluorescence intensity of 110 ± 4 in treated cells 
versus 168 ± 12 in control cells, p < 0.01); ail tumor cells 
remained positively stained for this receptor (Fig 1), 
Similar to a previously published report [16], 24-hour 
exposure of tumor cells to 17-AAG was more efficient in 
depleting erbB2 than erbBl membrane expression. The 
17-AAG also significantly inhibited H35S cell growth in 
vitro with the estimated IC S0 value of 70 ± 5 nmol/L. 
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Fig 2. Enhancement of paditaxel -mediated cytotoxicity in H358 cells 
by 17-allylamino geldanamycin (X7-AAG) GO or 40 nmol/L). The 
magnitude of growth inhibitory efeci in cells treated with the drug- 
■ combination was supraadditive, particularly at low doses of pa cli- 
taxel Data are presented as mean - standard deviation of four in- 
dependent experiments, paditaxel inhibitory concentration at 50% 
0CSO) values are indicated in the legends. 

Enhancement of Paditaxel Cytotoxicity by 17-AAG In 
Vitro 

Figure 2 demonstrates the dose-dependent growth inhib- 
itory effects of paditaxel or paditaxel + 17-AAG combi- 
nation in H358 cells. Paditaxel effectively inhibited tumor 
cell viability (IC^ = 110 ± 8 nmol/L). Concurrent expo- 
sure of H35S cells to paditaxel and 17-AAG resulted in a 
drastic reduction of paditaxel IC 50 values (20 ± 3 and 5 ± 



1 nmol/L at 20 nmol/L and 40 nmol/L of 17-AAG, respec- 
tively); these 1C 50 values were' significant lowVth-n the 
- paditaxel IC 50 value in cells treated with paditaxel alone 
(p < 0.001). The increased suppression of cell growth by 
the addition of 17-AAG to paditaxel treatment (30% to 
40 /o at lower spectrum of paditaxel dose range) was 
highw than the mild 17-AAG -media ted growth inhibi- 
tion, mis finding suggested that 17-AAG enhanced the 
susceptibility of tumor cell to the cytotoxic effect of 
paditaxel. Furthermore, the synergistic cvtotoxic effect of 
this drug combination was confirmed by the combination 
index CI 50 values being significantly less than 1 (0 5S9 ± 
0.078 and 0.630 ± 0.113 at 20 nmol/L and 40 nmol/L of 
17-AAG, respectively p < 0.01). The 17-AAG did not 
aebvate caspase 3 or induce apoptosis in-H358 cells- in 
contrast, caspase 3 activity was evident in K35S ceils after 
treatment with 17-AAG + paditaxel, which was higher 
than that observed after exposure to paditaxel alone°(R- 
3 A). This was accompanied by a- higher magnitude of 
induction of apoptosis (Fig 3B). For instance, 55% ± 8% 
and 60% ± 4% of apoptotic cells were detected after 
treatment with 50 nmol/L and 200 nmol/L of paditaxel in' 
conjunction with 17-AAG compared to 22% ± 3% and 
28% ± 4% of apoptotic cells after exposure to paditaxel 
alone (p < 0.01). 

Inhibition of Vascular Endothelial Cell Growth Factor 
Secretion From HS58 Cells by 17-AAG andAGS25 In 
Vitro 

The H35S cells secreted high levels of VEGF into the' 
culture media under basal conditions. Stimulation with 
< 20 n g^) resulted in a mild but significant eleva- 
tion of VEGF (35,400 ± 3,750 versus 27,596 ± 2,500 pg/mL 
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Fig 4. levels of vascular endothelial cell growth factor (VECF) in 
conditioned culture media of H358 cells at baseline or after stimula- 
tion with epidermal cell growth factor (EOF) (20 ng/ml) in the 
presence or absence of 17 -ally I amino geldanamycin (17-AAG) (20 
or 80 nmol/L) or the selective erbB2 tyrosine kinase inhibitor AG825 
■ G5 or 50 funol/L). Not only did 17-AAG or AG 825 strongly inhibit 
vascular endothelial cell growth factor production by H358 cells at 
baseline conditions but they also effectively abrogated the upregula- 
Hon of vascular endothelial cell growth factor production by epider- 
mal cell growth f actor. Data are presented as mean ± standard de- 
viation off out independent experiments, 'p < 0.01, ns p < 0,001, 

per 24 hours per milligram of cellular protein, p < 0.01). 
Treating H358 cells with 17-AAG (20 or SO nmol/L) for 24 
hours suppressed both basal as well as EGF-mediated 

. upregulation of VEGF expression (Fig 4) in a dose- 
dependent manner with the magnitude of inhibition 

' ranging from 40% to 80%. 

. Inhibition of EGF-mediated upregulation of VEGF pro- 
duction by H358 cells after 17-AAG exposure may result 
from its effect on downregulating both erbBl and erbB2 



expression. The erbB2 receptor, although lacking con- 
nate ligand, modulates signaling from other members of 
the erbB supeifamily [17] . To delineate further the role of 
ersB2 in EGF-mediated upregulation of VEGF produc- 
tion, additional experiments were performed using the 
selective erbB2 tyrosine kinase antagonist AG8?5°[1S] 
Treating H358 cells with AG825 (25 or 50 jwnol/L) sup- 
pressed basal as well as EGF-mediated induction of 
VEGF secretion, to the same degree as observed after 
17-AAG treatment (Fig 4). 

In Vivo TumoTicidal Effect ofPaclitaxel and 17-AAG 
The in vivo experiment was designed to validate the in 
vitro findings of the synergistic cytotoxic effect and the 
potential antiangiogenic property of this combination 
(Fig o). Parental administration of 17-AAG alone resulted 
in dose-dependent growth inhibition of H35S xenografts. 
Statistically significant reduction of tumor volume^ and 
corresponding survival extensions were observed 'only in 
animals treated with the high dose of 17-AAG (25 mg/kg) 
(Fig 5 and Table 1). Significant inhibition of tumor growth 
and prolonged survivals were also noted in mice treated 
with paclitaxel (1 mg/kg) alone. More importantly, con- 
current administration of 17-AAG (either at 10 or 
25 mg/kg) and paclitaxel (1 mg/kg) resulted in a profound 
dose-dependent tumoricidal effects with 70% to 85% 
inhibition of tumor growth, and extension of survival 
from 3.5 months (low dose of 17-AAG with paclitaxel) to 
nearly 5 months (17-AAG 25 mg/kg and paclitaxel), 
representing a two- to threefold prolongation of life 
expectancy of tumor-bearing animals (Fig 5 and Table 1). 
The tumor volumes measured at 8 weeks after the begin- 
ning of combination- chemotherapy were significantly 
less than those predicted by assuming additive drug 
effects (Table 1). Furthermore, the mean survival exten- 
sions of animals treated with 17-AAG -f paclitaxel com- 
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Table 1. In Vive TicmoncidaJ Effects o/27-AAG Pzc-^ar*' 
and 27-A4G 4- Paclitaxel Co?rzbvtatx?i 



GrouD 



Mean 
Extension 

Survival 3 of Survival Tumor Volumes 
(wk) (wk) at 8 Weeks (mm 3 ) 



Control 7.SrO.S N/A .2,557 ±110 

17-AAG (10 9.2 = 1.6 1.4 2,370 - 300 
mg/kg) 

17-AAG (25 13.5 r 0.5 b 
. mg/kg) 

Paclitaxel (1 14.3 ± 1.6 b 
mg/kg) 

17-AAG (10) -f 22.6 ± 1.6 b 
paclitaxe! 

17-AAG (25) -r 26.8 ± 3.2 b 
paclitaxel 

Mean i SD (n = S per group). 

" 3™ ela P sed £" om th « onset of .therapy to reaching tumor volumes of 

2^>00 mm*. °p < 0.001 versus control by analysis of variance and 

Bonferroni test. c Predicted mean tumor volumes by assuming addi- 
tive drug effects. 



6.5 



14.8 



19.0 



1,077 z 56 

1,210 ± 183 
762 ± 120 (1174) c 
323 ± 45 (508) c 



17-AAG = 17-allylamino geldanamydn, 

binations were longer than the algebraic sums of the 
extensions resulting from each treatment alone (Table 1). 
Collectively, these data suggested in vivo synergistic 
tumoricidal drug.e£ects. 

Immunohistochemical analysis of erbB2 and VEGF 
expression, capillary density, and apoptosis in tumor 
nodules harvested 24 hours after completion of chemo- 
therapy is shown in Figure 6. A profound reduction of 
membrane-bound erbB2 expression was observed in 
tumors from mice treated with either 17-AAG alone or 
17-AAG + paclitaxel, suggesting that therapeutic levels 
of 17-AAG were achieved in xenografts. In paraDel with 
in vitro observation of 17-AAG -media ted inhibition of 
VEGF production by H358 cells, cytoplasmic VEGF ex- 
pression was also significantly decreased in rumors har- 
vested from mice treated with 17-AAG or 17-AAG + 
paclitaxel (Table 2). Interestingly, mild-to-moderate re- 
duction of cytoplasmic VEGF expression, was also noted 

Tabic ^ 2. Semiquantitative Analysis of Immunohistochemical 
Staining of Tumor Tissues for Molecular Markers (n= 3) 

Gr °up erbB2 VEGF vW Factor 



Activated 
Caspase 3 



Control 
17-AAG (10 

mg/kg) 
17-AAG (25 

mg/kg) 
Paclitaxel (1 

mg/kg) 
17-AAG (10) > 

paclitaxel 
17-AAG (25) + 
.paclitaxel 



in tumors treated with paclitaxel alone, similar to Previ- 
ously published observations [19]. Capillary densirv of 
tumor nodules was evaluated by staining for von Wille- 
brand factor, which is expressed by capillary endothelial 
cells. Dnfuse positive endothelial staining observed in 
control tumors was slightly diminished in tumors treated 
with paclitaxel. von Willebrand factor expression was 
markedly reduced in tumor treated with 17-AAG or 
17-AAG 4- paclitaxel, indicating that reduction of VEGF 
expression coincided with diminished tumor angiogene- 
sis (Table 2). Abundance of activated caspase 3-positive 
cells (indicative of ongoing apoptosis, dark brown stain- 
ing cells) could be observed in tumors treated with the 
17-AAG + paclitaxel drug combinations (Fig 6). Apopto- 
tic cells were less frequently noted in paclitaxel-treated 
tumors, and rarely were they seen in control or 17-AAG- 
treated tumors. 



17-AAG - 17-allylarnino geidanamycin; VEGF = vascular endothelial 
cell growth factor; vW = von Willebrand. 



Comment 

Previous studies have demonstrated that members of the 
erbB superfamily (particularly erbBl and erbB2, which 
are frequently overexpressed in NSCLC ceUs) play im- 
portant roles in mediating the response of tumor cells to 
cytotoxic stress and modulating their susceptibility to 
chemotherapeutic agents. Overexpression of erbB2 in 
cancer cells enhances resistance to various cytotoxic 
agents including cisplatin and paclitaxel as well as irra- 
diation. Upregulation of DNA repair mechanisms medi- 
ated by erbB2 overexpression contributes to chemother- 
apy, and radiation resistance in cancer cells [3]. In 
contrast, upregulation of the cyclin-dependent kinase 
inhibitor p21, which inhibits progression of cells into the 
M phase of the cell cycle, is a major mechanism of 
paclitaxel resistance in cancer cells overexpressing erbB2 
[20, 21]. Overexpression of erbBl or activation of erbBl 
receptor tyrosine kinase activity by EGF similarly renders 
tumor cells refractory to paclitaxel cytotoxicity [22]. Inhi- 
bition of the function or phenotypic expression of erbBl 
or erbB2 by monoclonal antibodies or low molecular 
weight compounds abrogates chemoresistance mediated 
by erbB overexpression in cancer cells. 

We have been interested in developing strategies to 
enhance the cytotoxic effects of conventional chem°other- 
• apeutic agents such as paclitaxel in lung or esophageal 
cancers by exploiting the current understanding of°the 
relationship between the erbB signal transduction path- 
ways and paclitaxel sensitivity. By targeting the erbB 
oncogenes using low molecular weight compounds such 
as 17-AAG we may avoid technical issues that may limit 
the efficacy of anti-erbB monoclonal antibodies, antisense 
constructs, or intracellular anti-HER2/neu single chain 
c.^^^^a. ^ ^> iW ^ / vv C aflvc demons era tea sequence- 
dependent enhancement of paclitaxel cytotoxicity in 
NSCLC by this compound [4]. Concurrent but not se- 
quential 17-AAG/paclitaxel drug exposure significantly 
sensitized NSCLC cells expressing high levels of erbB2 to 
paclitaxel. This salutary effect has been extended to 
esophageal cancer cells expressing elevated levels of 
erbB2 (unpublished data). The in vivo experiments dem- 



Ann ihornc Surg 
2001; 72:37! -9 



PACLI iAXHL Crui MO SEN SI H 



NGUVHN r ETAL 
ZAjiGN IN NSCLC 



H&E 



erbB2 



VEGF" 



v'vV Factor 



Activated 
Casoase 3 




a m or both „ lsh<mm here . n^nn ^ ^ x200; L^ t0 ^Z^^X^ 



• onstrating profound tumoricidal effects of the paclitaxel 
and 17-AAG combination extended in vitro observations 
of synergistic cytotoxic drug interaction " of these two 
agents. However, it is difficult to prove synergism of drug 
interactions in vivo. The observations that tumor vol- 
umes in animals treated by the drug combinations were 
smaller than predicted by assuming additive antitumor 
drug effects (Table 1) and the survivals of tumor-bearing 
animals treated with the- drug combination were longer 
than the algebraic sums of the extension of survivals 
achieved by individual drug treatment alone strongly 
support the notion of potentiation of paclitaxel tumori- 
cidal effect by 17-AAG. 

In addition to being a chemotherapy sensitizer, our 
studies have shown that 17-AAG is a powerful inhibitor 
of VEGF production by tumor cells through its negative 
effect on erbB signal transduction pathways, which are 
known to transcriptionally regulate VEGF gene expres- 
sion [13, 23]. Significant information was derived from 
the molecular analysis of tumor samples harvested after 
completion of a 4-week course of chemothera--. This ■ 
time point was chosen to clearly demonstrate the antian- 
giogeneic effect of 17-AAG. Whereas depletion of VEGF 
secretion by H358 cells occurs within hours of 17-AAG 
exposure, alteration of tumor micro vasculature in re- 
sponse to reduced VEGF levels would take more time to 
develop. The in vivo ef ects of 17-AAG on erbB 2 or VEGF 
expression and the induction of apoptosis by paclitaxel 



(with or without 17-AAG) were probably derived from 
the last treatment rather than a cumulative effect of the 
four cycles. Almost complete depletion of erbB2 expres- 
sion in tumors treated with regimens containing 17-AAG 
provided direct proof that therapeutic drug levels were 
achieved using the treatment schedule discussed In 
conjunction with depletion of erbB2 expression, signifi- 
cant reduction of VEGF cytoplasmic expression in H35S 
tumor cells and inhibition of angiogenesis were also 
observed. These data clearly demonstrate the biolocrical 
significance of 17-AAG-mediated inhibition of VIsGF 
production, and affirm our in vitro experiments that, 
suggested that 17-AAG exhibits an ti angiogenic effects In' 
this context, 17-AAG played the dual role of a paclitaxel- 
sensitMng and an an tiangio genie agent. This drug com- 
bination strategy appears quite analogous to recent an- 
ticancer regimens combining a cytotoxic agent and an 
antiangiogenic agent (either an anti-VEGF antibody or~a 
VEGF receptor pharmacologic antagonist) [24^ 25]. The 
individual contribution of the paclitaxel sensitization and 
the a, ^angiogenic properties of 17-AAG are difficult to 
define at this time. 

The phase I clinical trial using 17-AAG (daily 1-hour 
intravenous infusion for 5 days every 3 weeks) as a single 
agent to treat advanced solid malignancies is in progress 
at the National Cancer Institute, and initial data indicate 
that hepatotoxirity is the dose-limiting factor as pre- 
dicted from precHnical studies (Jean Grem and Richard 
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Wilson, National Cancer Institute, Bethesda, MD, per- 
sonal communicaticn). The peak plasma drug levels at 
maximally tolerated dose were 1 to 2 ^mol/L, which are 
well above the concentrations required to achieve syner- 
gistic drug interaction in vitro.' The acceptable drug 
toxicity profile derived from the phase I trial together 
with the powerful tumoricidai effect of this drug combi- 
nation observed in our present studies support evalua- 
tion of 17-AAG in combination with paciitaxel inpatients 
with MSCLC and esophageal cancers exhibiting high 
level HER2/neu expression. 



We acknowledge the superb technical assistance of Shawn 
hand, BS, and Arnold Mixon, BS, of the Flow Cytometry Core 
Facility, Surgery Branch, National Cancer Institute, National 
Institutes of Health. 
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DISCUSSION 

DR KAIxVcY I. PASS (Detroit, MI): Very nice, Dr Nguyen. 

I have a couple of questions. The relationship between erbB-2 
and this whole situation, what is the evidence that AAG is 
actually working selectively through an erbB-2 mechanism and 
is not having other effects, and have you done experiments to 
block either with antibody or making it even better using 
Herceptin (Gen en tech, San Francisco, CA)? 



The second question is, this could also be explained by 
overcoming resistance to paciitaxel. Do you have anv data with 
regard to your cell line with regard to <3 tubulin mutations in this 
cell line? 

DR NGUYEN: To answer your first question, in terms of the 
impact of 17-AAG on erbB-2-rn ediated signal transduction path- 
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way, you are perfectly right. This compound not only targets 
erb3-5, it also targets other signal transduction cathwavs as well 
as other oncoproteins. To specifically target erb3-2 pathway, we 
used Kerceptin ana we also used AGS25, which is a selective 
erbB-2 antagonist. We observed similar enhancement of pacli- 
taxel-meciated cytotoxicity in NSChC cells by AGS25. Kercep- - 
tin, on the other hand, we did not see such a powerful sensiti- 
zation efrect, and the reason for that is unclear at this point. 
What is your second question, Dr Pass? 

DR PASS: The question of whether this is simply an overcoming 
chemoresistance phenomenon. Do you have'any data whether 
AAG has any effect on cell lines with j3 tubulin mutations, and 
does your eel] line have /3 tubulin mutation? 



DR NGUYEN 7 : No, we have not done that. We recent] v looked at 
the mechanisms of this combination e~ect, and it is related to the 
ability of 17-AAC to suppress p21, and that allowed the cell* to 
traverse the G2.M check point' and accumulate the cells in 
mitosis, and p21 actually inhibits cdC2/p34 kinase, which is 
known to play an important role in paclitaxel-niediated aoopto- 
sis. So we observed that by using this combination the p2l lev-'s 
decreased, associated with higher fraction of cells in mitosis and 
augmentation of paclitaxel-mediated apoptosis. 

DR PASS: Do you have any data with any other chemotoxics? 

DR NGUYEN: It has been looked at before with 17-AAG- 
sensitized tumor cells to cisplatin and the other chernotherapeu- 
tics. 



Notice From the American Board of Thoracic Surgery 



The 2001 Part I (written) examination will be held at the 
Hotel Sofiel, 5500 North River Rd, Rosemont, IL 60018- 
5194, on November 18, 2001. The closing date for regis- 
tration "was August 1, 2001. 

To be admissible to the part II (oral) examination, a 
candidate must have successfully completed the part I 
(written) examination. 



A candidate applying for admission to the certifying 
examination must fulfill all the requirements of the Board 
in force at the time the application is received. 

Please address all commimications to the American 
Board of Thoracic Surgery, One Rotary Center, Suite 803, 
Evanston, IL 60201; telephone: (847) 475-1502; fax: (847) 
475-6240; e-mail: abts_evanston@msn.com. 
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Modulation of Metastasis Phenotypes of Non-Small 
Cell Lung Cancer Cells by 17-AUylamino 
17-Demethoxy Geldanamycin 

Dao M. Nguyen, MD, Sudhen Desai, MD, Aaron Chen, MS/Todd S. Weiser, MD, and 
David S. Schrump, MD 

I h T C i °^ coI °Sy Section, Surgery Branch, Division of Clinical Sciences, National Cancer Institute, National Institutes of Health 
bethesda, Maryland dlLU/ 



Background. Cancer cells that overexpress c-erbB onco- 
genes exhibit resistance to chemotherapy, enhanced tu- 
rn origenicity, as well as increased propensity for metas- 
tasis. The aim of this study was to investigate if depletion 
of erbB-l/EGFR and erbB-2/HER2neu oncogene products 
by 17-allylamino 17-demethoxy Geldanamycin (17AAGA) 
could diminish the metastatic potential of non-small cell 
lung cancer (NSCLC) cells that express varying levels of 
the erbBl/erbB2 oncogenes. 

Methods. NSCLC cell lines (H460, H358, H322,. or H661) 
"were assayed for expression of erbBl and erbB2, the cell 
adhesion molecule E-cadherin, secretion of the matrix 
metalloproteinase 9 (MMP-9), and vascular endothelial 
cell growth factor (VEGF), as well as their ability to 
invade Matrigel after 48-hour exposure to 17AAGA."' 

Results. 17AAGA significantly depleted erbBl or 
erbB2 levels in NSCLC cells expressing high levels of 



these proteins, and effectively inhibited their growth 
with IC 50 values ranging from 50 to 90nmol/L. Moreover, 
drug treatment enhanced E-cadherin expression in H322 
and H358 cells, and inhibited secretion of MMP-9 and 
VEGF secretion by tumor cells. 17AAGA diminished 
hypoxia-induced upregulation of VEGF expression as 
well as growth factor-mediated augmentation of MMP-9 
secretion, and profoundly inhibited the ability of H322 
and H358 cells to migrate through Matrigel in response to 
chemoattractan ts. 

Conclusions. In addition to its known antiproliferative 
and cheraosensitlzation effects, 17AAGA inhibits the 
metastatic phenotype of lung cancer cells. 17AAGA may 
be a novel pharmacologic agent for specific molecular 
intervention in lung cancer patients. 

(Ann Thorac Surg 2000;70:1SS3-60) 
© 2000 by The Society of Thoracic Surgeons 



Patients with non-small cell lung cancer (NSCLC)' 
frequently present with either locally advanced 
(stage IIIA/B) or systemic disease (stage IV). The overall 
prognosis for these individuals is very poor, with the 
median survival less than 9 to 12 months despite an 
aggressive combination of chemo and radiotherapy. 
More importantly, the main mode of treatment failure 
after cur? rive-"* - "*" 0 " *■ ^^-r^^T f^ r 0 -,rii)„cu^^ Men r 
systemic metastasis [1]. Acknowledging the fact that 
mature data of phase II/III clinical trials addressing the 
values of adjuvant chemotherapy for completely resected 
early-stage NSCLC are still forthcoming, there is no 
evidence that adjuvant therapy has any impact on the 
outcome of surgically treated NSCLC [2]. Micrometasta- 
ses derived from lung cancers may have low proliferative 
activity, rendering them insensitive to standard cytotoxic 
agents. Hence, there is an urgent need for novel antineo- 
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plastic agents that exhibit strong antiproliferative effects 
as well as a capacity to inhibit the metastatic potential of 
tumor cells. . 

Solid tumor metastases arise by a mulidstep process 
regulated by complex interactions between tumor cells 
and adjacent stromal tissues [3]. In association with 
altered expression of adhesion molecules such as E- 
cadhenn, ceils detach from Lhe main tumor mass and 
migrate through the extracellular matrix, degraded by 
tumor-derived matrix metalloproteinases (MMPs). After 
dissemination, cells exit from the vasculature and estab- 
lish metastatic deposits, facilitated by the expression of 
in te grin or hyaluronate (CD44) receptors, and the secre- 
tion of angiogenesis factors such as vascular endothelial 
cell growth factor (VEGF). 

Experimental and clinical data have indicated that 
overexpression of erbBl and erbB2 protooncoger.es en- 
coding the epidermal growth factor receptor (EGFR) and 
the orphan receptor (HER2/neu), respectively, correlates 
with locally advanced disease, distant metastases, and 
diminished survival in patients with breast, lung, esoph- 
ageal, and ovarian carcinomas [4-7]. Tumor cells overex- 
pressing these protooncbgenes exhibit one or more phe- 
notypes correlating with enhanced metastatic potential 
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including downregularion of E-cadherin expression/ in- 
creased secretion of MMP-9 and VEGF, and accelerated 
invasion through extracellular matrix [3-103. Therapeutic 
strategies that specifically target erbB should . inhibit 
mitogenic signaling via erbBl and erbB 2 pathways and 
may reduce the proliferation and metastatic potential of 
cancer cells; indeed, treatment of cells overexpressing the 
erbBl or erbB2.gene products with antagonistic mono- 
clonal antibodies significantly inhibits their metastatic 
phenotype [10, 11]. ' 

The benzoquinone ansarnycin antibiotic geldanamyrin 
(GA) and its less toxic synthetic derivative, 17-allylarnino 
17-demethoxygeldanamycin (17AAGA), have been re- 
centiy selected for clinical development at the National 
Cancer Institute based upon their activity against cell 
lines derived from a variety of human malignancies [12, 
13]. The growth inhibitory effects of geldanamycin and 
17AAGA appear related to their ability to inhibit the 
expression of several cellular" oncoproteins, including 
erbBl and erbB2 [13]. In the present study, we sought to 
evaluate if 17AAGA could modulate the metastatic po- 
tential of lung cancer cells overexpressing the erbBl and 
• erbB2 gene products. Herein, we demonstrate that treat- 
ment of NSCLC cells with 17AAGA results in significant 
reduction of erbBl or erbB2 expression, profound inhibi- 
tion of cell proliferation, upregulation of E-cadherin 
expression, and downregulation of VEGF and MMP-9 
secretion, paralleling with diminished capacity to invade 
extracellular matrix in vitro. 

Material and Methods 
Cells and Reagents 

The NSCLC cells H460, H35S, H661, and H322 were 
purchased from ATCC (Manassas, VA), and were grown 
in RPMI-1640 medium supplemented with giutamine 
(1 mmol/L), penicillin (100 U/mL)/streptomycin ' 
(100 /ig/mL), and 10% fetal bovine serum (FBS) (all 
purchased from Biofluids, Rockville, MD). Normal hu- 
man bronchial epithelial (NHBE) cells were purchased 
from Clonetics, Inc (Walkerville, MD) and maintained in 
bronchial epithelial cell basal media (Clonetics, Inc). 
17AAGA was obtained from the Drug Synthesis and 
Chemistry Branch, Developmental Therapeutics Pro- 
gram, Division of Cancer Treatment, National Cancer 
Institute, and dissolved in dimethyl sulfoxide to yield a * 
100 ^mol/L stock solution, which was stored at -70°C. 
All experiments using this compound were performed 
under subdued lighting conditions. Recombinant human 
epidermal growth factor (EGF) and heregulin-cr (HRG) 
(purchased from R&D, Minneapolis, MN), and the and- ' 
erbBl and anti~erbB2 monoclonal antibodies (purchased 
from Calbiochem/Oncogene Research Products, Cam- 
bridge, MA), were constituted in phosphate-buffered 
saline (PBS), and stored at 4°C as recommended by the 

rnann^f hi-orc T'k p "C J "L : — t,' 1 J, . , , -J 

from ICN Biomedicals, Inc (Aurora, OH). 
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Immune fluorescent Staining and Flow Cytometric 
Analysis of erbBl, erbBl, and .E-cadherin 
Expression of erbBl, erbB 2, and E-cadherin in NSCLC 
cell lines was quanti rated by flow cytometry usin°- a 
Becton-Dickinson (San Jose, CA) fluorescence-activated 
cell sorter (FACS). In brief, cells grown in either normal 
media with or without 17AAGA were harvested by tryp- 
sin/EDTA. To prevent proteolysis of surface adhesion 
molecules, cells harvested for E-cadherin staining were 
treated with 0.01% crystallized trypsin in the presence of 
1 mmol/L of calcium, then washed in Ca/Mg-free PBS. 
Single-cell suspensions were incubated with either anti- 
erbBl, anti-erbB2, or an U- E-cadherin monoclonal anti- 
bodies for 60 minutes at room temperature. Cells were 
then washed with PBS, and incubated with fluorescent 
isothiocyanate (FITC) -conjugated goat anti-mouse IgG 
antibody at room temperature for 60 minutes in the dark. 
An irrelevant mouse IgG isotype monoclonal antibody 
was used as a negative control. for FACS analysis. A 
minimum of 10 4 cells were analyzed by FACS flow 
cytometry. The magnitude of surface expression of these 
proteins was indicated by the mean fluorescence inten- 
sity (MFI) of positively stained cells. The MFI of isotype 
IgG control samples was always less than 10. 

In Situ Immunofluorescent Staining of E-cadherin 
Cells were cultured in chamber slides (Nalge Nunc 
International Corp, Naperville, IL) until 80% confluent, 
washed with PBS, fixed with 1% paraformaldehyde for 10 
minutes, and permeabilized with acetone for 5 minutes. 
Immunofluorescent staining for E-cadherin was per- 
formed similar to that described for flow cytometry. 
Slides were examined under the fluorescence micro- 
scope. Fluorescent photomicrographs were taken at 200 X 
magnification. 

MMP-9 Assay 

Cells were grown to confluence in six-well plates, washed 
twice with PBS, and then incubated with 2 mL of fresh 
serum-free RPMI-1640 medium. In the 17AAGA treat- 
ment group, cells were replenished with media contain- 
ing either 20 or. 80 nmol/L of 17AAGA. After 48 hours of 
incubation, conditioned media were harvested and fro- 
zen at -70°C until assayed for MMP-9 expression using 
an enzyme-linked immunosorbent assay (ELISA) kit 
(Calbiochem/Oncogene Research Products,. Cambridge, 
MA). Cells from each well were collected, and total 
cellular protein was assayed by bicinchoninic acid (BCA) 
technique (Pierce, Rockford, IL). MMP-9 levels in the 
conditioned media were expressed as pg/mL/24 h/mg of 
total cellular protein. 

VEGF Assay 

Cells were grown to 80% confluence in 24-well plates, 
washed once with PBS, and replenished with 2 mL of 
fresh RPMI-1640 alone or containing either 50 pmol/L or 
100 u.mol/L Cobalt Chloride (CoCl 2 ) to simulate hypoxia 
[14]. In the 17AAGA treatment groups, appropriate ali- 
quots of 100 X 17AAGA stock were added to the culture 
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Fig 1 (A) Flow cytometric analysis of basal expression and VAAGA-mediated depletion of erbBl and erbB2 surface receptors in 4 NSCLC 
.cell lines and normal human epithelial cells (NHBE). Exposure of these cells to 80 nmol/L of 17AAGAfor 48 hours resulted in significant re- 
duction of surface expression of these two receptors. Data are expressed as means ± SD of three independent experiments Cp < 0.0001, #p < 
0.002). (B) Dose-dependent growth inhibition of NSCLC cells in vitro by 17AAGA. Cells were seeded in 96-well plates and, after an overnight 
incubation, were continuously exposed to varying doses of 17AAGA for 96 hours. Viable cells were quantitated by MTT assay. IC S0 values, 
estimated from these dose-response curves, are indicated in parentheses. Data are expressed as means ± SD of three independent experiments. 



media to yield a final concentration of .SO nmol/L. After 
4S-hour incubation, conditioned media were harvested 
and frozen at -70°C until assayed for VEGF. VEGF levels 
in the conditioned media were evaluated using an ELISA 
kit (R&D) and expressed as ng/mL/24 h/10 6 cells. 

Ma-trigel Invasion Assay 

The chemoinvasion assay was performed as previously 
described [15]. Briefly, polyvinylpyrrolidone-free poly- 
carbonate filters (10-jLim pore size; Neuroprobe, Gaith- 
ersburg, MD) coated with 500 u.g/mL of Englebreth- 
Holm-Swarm murine sarcoma basement membrane 
extract (Matrigel; Sigma Chemical Co, St. Louis, MO) 
■ were placed in a modified Boy den chamber (Neuroprobe, 
Gaithersburg, MD). Matrigel was diluted to the desired 
final concentration using cold (4°C) serum-free RPMI- 
1640 media. Filters were then placed in 15 mL of 500- 
fxg/mL Matrigel in 100 X 15 -mm Petri dishes and rotated 
at 45 rpm overnight at 4°C. Filters were air dried under a 
sterile hood immediately before use. Cells (6 X 10 5 /mL) 
were suspended in serum-free RPMI and added to the 
upper chamber (30,000 cells/well). The lower chamber 
contained serum-free conditioned media from cultures of 
NTH 3T3 cells as a chemoattractant. Chambers were 
incubated at 37°C in 5% C0 2 for 6 hours. At the end of the 
incubation, cells on the upper surface of the filter were 
aspirated off and the filters were fixed in methanol and 
stained with Ditf-Quik II, a Wright-Geimsa stain (Baxter, 
McGaw Park,IL). Cells that had invaded the lower 
surface of the filter were counted by ligh t microscopy and 
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Data Analysis 

Data are expressed as means ± standard deviation (SD). 
Student's t test and one-way analysis of variance (with 
Bonferroni test for pairwise comparisons) were used for 
statistical analysis using Prism 2.0 software package from 
Graphpad Software, Inc (San Diego, CA). " 

Results 

Constitutive Expression of erbBl and erbBl in 4 
NSCLC Cells Lines 

The NSCLC cell lines used in this study express different 
levels of erbBl and exbB2 surface receptors . as deter- 
mined by flow .cytometric analysis (Fig 1A). In compari- 
son with the receptor levels expressed in confluent 
NHBE, H460 ceils express low levels of both erbBl and 
erbB2; H661 and H358 cells express high levels of erbB2, 
but not erbBl, whereas H322 cells overexpress both 
erbBl and erbB2. Forty-eight-hour exposure of these cells 
to 80 nmol/L 17AAGA resulted in significant reduction of 
surface expression of erbBl "or erbB2 in cells exhibiting 
elevated levels of these receptors. In parallel with inhi- 
bition of erbBl or erbB2 'expression, continuous exposure 
of these cells to 17AAGA for 96 hours resulted in a 
dose-dependent inhibition of cell proliferation, with es- 
timated IC 50 (concentrations of drug that inhibit 50% of 
cell proliferation) values ranging from 60 to 90 nmol/L 
(Fig IB). 

UprepLlution ofE-Cadherin by 17AAGA 
Expression of the calcium-dependent epithelial cell ad- 
hesion molecule E-cadherin was readily detectable by 
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flow cytometry in NHBE, H322, and H358 cells and not in 
H460 or H661 cells; results that were consistent with previ- 
ously published data concerning E-cadherin expression in 
these cells [11]. The mean fluorescence intensity of E- 
cadherin in H322 and H358 cells increased 1.5- to 2-fold 
after treatment with 17AAGA (SO nmol/L for 48 hours) (Fig 
2A). The percentages of positively stained cells also in- 
creased significantly after 17AAGA treatment in these cell 
lines (63% ± 13% and 58% ± 10% of 17AAGA-treated cells 
vs 47% ± 7% and 38% ± 8% of untreated H358 and H322 
cells; p = 0.05 and p = 0.02, respectively). No upregulation 
of this adhesion molecule was noted in H460 and H661 cells. 
Although diffuse cytoplasmic staining for E-cadherin was 
noted both in control and 17AAGA-treated cells, intense 
fluorescence indica ting localization of E-cadherin to the cell 
membrane was only, observed in treated H358 and H322 
cells. No such membrane localization was noted in H460 or 
H661 cells after 17AAGA treatment (Fig 2B). 

Downregnlation ofMMP-9 Secretion 
Continuous exposure of NSCLC cells to either 20 or 80 
nmol/L of 17AAGA significantly inhibited MMP-9 secre- 
tion in a dose-dependent mariner, with an overall reduc- 
tion of up to 50% relative to baseline control levels (Fi°- 
3 A). Moreover, incubation of K358 and H322 cells, -which 
express high levels of both erbBl and erbB2 receptors 
with agonistic recombinant human EGF or hereguin-a, 
augmented secretion of MMP-9 by 35% to 50% relative to 
baseline. 17AAGA treatment completely blocked ligand- 
mediated upregulation of MMP-9 production in °these 
two cell lines (Fig 3B). 

Suppression of VEGF Secretion by 17AAGA 

NSCLC cells differed widely in their ability to secrete 

VEGF into the culture media. Values ranged from ap- 



proximately 1,000 pg/mL/24 h/10 6 cells (H460, H322) to as 
high as 15,000 pg/mL/24 h/10 6 cells (H358) (Fig 4A). 
Cobalt chloride (CoCl 2 ), which simulates hypoxic condi- 
tions by interfering with cellular oxygen sensing mecha- 

■ nisms [14], induced .significant upregulation of VEGF 
secretion (Fig4A). Forty- eight-hour exposure to 17AAGA 
(80 nmol/L) significantly suppressed basal VEGF secre- 
tion in cultured lung cancer cells, with the magnitude of 
inhibition ranging from 10% to 50%. Furthermore, 
17AAGA suppressed hypoxia-induced upregulation of 
VEGF secretion; the magnitude of inhibition in treated 
cells ranged from 30% to 45% relative to untreated 
"hypoxic 7 - cells. To confirm these findings, cells were 
incubated in a hypoxic chamber (95% N 2 and 5% 0 2 ). As 
expected, profound augmentation of VEGF secretion 
was noted in response to hypoxia, which could be 
effectively inhibited by 17AAGA (either 80 or 160 nmol/L) 
in a dose-dependent manner in all cell lines examined 
(Fig4B). 

Inhibition ofMatrigel Membrane Invasion 
The ability of cancer cells to migrate through the artificial 
extracellular matrix membrane, Matrigel, frequentiy corre- 
lates with their invasiveness in vivo [16]. Forty-eight-houf 

■ exposure to 17AAGA (80 nmol/L) significandy inhibited the 
ability of H322 and H358 cells to migrate through Matrigel 
This irihibitory effect of 17AAGA was profound in H3^ 
cells, with up to a 60% reduction in the number of cells 
invading through the membrane (109 ± 28 cells/5 HPF of 
17AAGA-treated cells vs 293 ± 42 cells/5 HPF in untreated 
control cells; p < 0.001) (Fig 5). 17AAGA inhibited the 
invasiveness of K353 cells by approximately 40% (116 ± S 
cells/5 HPF of I7AAGA-fcreafeed cells vs 190 ± 14 cells/5 HPF 
of control cells; p < 0.01). 
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Comment 

Better appreciation of the genetic and epigenetic fac- . 
tors that govern malignant transformation and metas- 
tasis may facilitate the development of more specific 
anticancer therapies. In addition to the development of 
drugs that specifically target the cell cycle machinery, 



considerable efforts have been focused on the evalua- 
tion of novel biologic or pharmacologic agents that 
suppress tumor growth or invasion by inhibiting, neo- 
angiogenesis or matrix metalloprotease activity. Acti- 
vation of erbB protooncogenes profoundly disrupts cell 
cycle regulation [17], and enhances the expression of 
"pro-metastasis" phenotypes, namely decreased E- 
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Pig 4. (A) ELISA analysis of basal and hypoxia -stimulated VEGF secretion by 17AAGA. Significant upregulation 'of VEGF secretion into 
culture supematants by CoGl 2 -simulated hypoxic condition was obs.eroed in all cell lines Cp < 0,001). 17AAGA at 80 nmol/L subs^Halb^ 
suppressed the baseline (in H358 cells) and hypoxia-induced VEGF (in all four cell lines) secretion Cp < 0.001 vs baseline controls" aZ «p < 
0.001 versus Irypoxia controls). Vie magnitude of inhibition of VEGF secretion by 17AAGA (expressed as percentages of baseline or hypo A 
controls) ts displayed in the upper right graph. Data are mean r SD of three independent experiments. (B) ELISA analysis of VEGF l*-ch : n 
^rejups^Mams after physical hypoxia « 5% 0 2 ) with cr without 17AAGA (SO or ISO nmol/L). The magnitude ofVAAGA-mediaied 
mntoirion oj VzGt secretion (expressed as percentages of hypoxia controls) is displayed in the upper right gravh. Data from a representative 
experiment are shown in this graph. 
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fig 5. Inhibition of H322 and H358 cell invasion through Matrigel. 
Exposure of cells to SO nmol/L T7AAGA for 48 hours reduced their 
invasion potential by 25% to 50% of that of normal cells. Data are 
means ± 5D; each independent experiment was done in quadrupli- 
cate Cp < 0.005, **p < 0.05). 



cadherin expression, increased VEGF and MMP secre- 
tion, as well as increased invasion through Matrigel 
[8-10]. These experimental results correlate closely 
with observations regarding c-erbB overexpression 
and aggressive clinical behavior of solid tumors [4-7], 
These data provide the rationale for the development 
of treatment strategies specifically designed to abro- 
gate expression or function of the c-erbB signal trans- 
duction pathways. Antagonistic anti-erbBl and anti- 
erbB2 monoclonal antibodies, although not always 
effectively inhibiting tumor cell proliferation, have 
been shown to significantly upregulate E-cadherin 
expression, diminish VEGF and MMPs secretion, and 
reduce chemotaxis through extracellular matrix in vitro 
[10, 11]. Whereas these monoclonal antibodies may 
have limited clinical use from technical issues pertain- 
ing to delivery of macromolecules to tumor cells, 
low-molecular weight compounds such as 17AAGA 
that specifically inhibit erbB-mediated signal transduc- 
tion pathways at nanomolar concentrations are of 
particular relevance. 

In the present study,, we sought to investigate the 
ability of 17AAGA to modulate expression of E-cadherin, 
MMP-9, and VEGF, each of which has been implicated in 
regulation of metastatic potential in tumor cells. The 
initial step of invasion and metastasis is the dissociation 
of cancer cells from the primary tumor mass resulting 
from aberrant expression of a variety of cell surface 
adhesion molecules, including integrin, immunoglobu- 
lins, secretins, and cadherins; the cadherins appear to be 
critical regulators of this process [18]. Cadherins are 
caldum-de pen dent transmembrane glycoproteins that 
mediate hemophilic adhesion between cells. E-cadherin 
■plays an important role in maintaining integrity of epi- 
thelial tissue; decreased E-cadherin expression or func- 
tion correlates with tumor dedifferentiation, increased 



invasiveness, and lymph node metastases in a number of 
human carcinomas including lung, breast, esophagus, 
and prostate [16, 13]; E-cadherin has been referred to as 
an "an time ta stasis" adhesion molecule, because the high 
propensity for metastasis formation in E-c?.dherin- 
negative cells can be reversed by restoration of expres- 
sion of this adhesion molecule [19]. Previous studies have 
indicated an inverse relationship between erbBl activa- 
tion and E-cadherin expression in squamous cell cancers 
of skin and esophagus, as well as breast carcinomas [11, 
. 20]. Upregulation of E-cadherin expression and inhibi- 
tion of chemotaxis has been observed in H322 cells after 
exposure to an antagonistic monoclonal antibody di- 
rected against the erbBl receptor [11]. 

MMPs are enzymes secreted by normal as well as 
cancer cells that degrade extracellular matrix and in- 
fluence cell motility, tissue implantation, and angio- 
genesis. Considerable evidence indicates that MMP 
expression is increased in cancers relative to adjacent 
normal tissue,, and levels of MMP expression correlate 
with tumor invasiveness and distant metastases [21]. 
There exist at least 10 isoforms of these proteases, each 
of which has unique substrate specificity. Secretion of 
MMPs is regulated by growth factors, some of which 
activate erbBl or erbB2 mitogenic pathways. Inhibition 
of MMP activity either by recombinant tissue inhibitor 
of MMP or pharmacologic agents such as batimastat or 
marimasta-t decreases tumor growth, invasion, and 
metastasis in vivo [21]. More interestingly, reduction of 
MMP levels or inhibition of MMP activity has also 
been shown to suppress angiogenesis in vitro and in 
vivo [21], 

Tumors smaller than 1 to 2 mm in diameter can 
receive nutrients by diffusion, but continued growth of 
the lesions is predicated on neoangiogenesis, which is 
regulated by complex mechanisms mediated by a bal- 
ance between proangiogenic and antiangiogenic cyto- 
kines present simultaneously in the tumor and normal 
stromal tissues [22]. VEGF is one of the most potent 
proangiogenic cytokines, and secretion of VEGF by 
tumor cells may be sufficient to ensure neovasculariza- 
tion. The extent of neovascularization correlates with 
aggressive chemical behavior in a variety of malignan- 
cies including breast or prostate cancers and melano- 
mas; vascular density and VEGF levels in tumor tissue 
are significant, independent predictors of systemic 
recurrence and diminished survival in patients with 
stage I NSCLC. 

Although tumor dissemination, itself, does not re- 
quire angiogenesis, interruption of angiogenesis 
should prevent the growth of metastatic deposits [22]. 
This is the basis of antiangiogenesis therapies using 
monoclonal antibodies against circulating VEGF or 
VEGF receptors on endothelial cells. Another strategy 
to inhibit angiogenesis involves targeting oncogene or 
tumor suppressor gene mutations directly influencing 
VEGF transcription through the use of Herceptin in 
breast cancel patients whose tumors overexpress 
erbB2, or ootentiallv. bv restoration of d53 expression 
using gene therapy techniques [10, 23]. Our approach 
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has been to use a pharmacologic agent to achieve 
similar en dp oints while avoiding monoclonal antibod- 
ies or cumbersome/ inefficient adenoviral vectors that 
may have limited use in clinical settings. Conceivably, 
the in vivo antiangiogenesis effect of 17AAGA may be 
more pronounced than anticipated on the basis of our 
in vitro data because this compound suppresses VEGF 
expression as Vvell as MMP-9, another potent mediator 
of neoangiogenesis. 

Migration through Matrigel depends on a cell's 
ability to detach from a multicellular aggregate, de- 
grade extracellular matrix, and undergo chemotaxis. 
The relative contribution of each of these phenotypes 
to cell invasiveness is not known. 17AAGA-mediated 
inhibition of cell invasion through Matrigel is the most 
concrete in vitro evidence of the antimetastatic activity 
of this compound. The mechanisms' responsible for 
17AAGA-mediated upregularion of E-cadherin, as well 
as inhibition of tumor-derived VEGF and MMP-9 se- 
cretion, most likely depend on the depletion of erbB2 
or erbBl proteins and subsequent decreased mitogenic 
stimulation via erbB pathways. This notion is sup- 
ported by the fact that these effects have been observed 
in cancer cells after treatment with antagonistic mono- 
clonal antibodies against erbBl and erbB2 receptors 
[10, 11]. However, additional mechanisms unrelated to 
inhibition of erbB signal transduction may be relevant 
given the effects of 17AAGA on a variety of other cell 
cycle regulatory proteins, including Raf-1 and cyclin- 
dependent kinase 4 [13]. 

. In vivo toxicity profiles of geldanamycin and 
17AAGA have been documented in small-animal mod- 
els; renal and hepatic toxicities are dose-limiting 
events [24]. However, the nanomolar concentrations 
required to mediate the "antirnetastasis" effects are 
well below the maximal tolerable doses reported in 
animal toxicity studies [24]. Underlying mechanisms 
notwithstanding, our findings extend those pertaining 
to the antiproliferative effects of 17AAGA. These cur- 
rent data, together with our previous observations 
concerning the ability of 17AAGA to sensitize NSCLC 
cells to paclitaxer[25], provide impetus for the evalu- 
ation of 17AAGA in lung cancer patients. 
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DISCUSSION 

DR ROBERT J. KEEN AN (Pittsburgh, PA): One of the things' 
that struck me was the effect or lack of esect on normal human 
bronchial epithelium. There were at least a couple of cell lines 
that seemed to have similar erbB-1 and erbB-2 expression to the 
normal s, and yet there was no effect of your treatment on normal 
tissue. Can you comment on what the potential is for toxicity to 
normal tissues when there is expression of these genes in 
normals? 

DR NGUYEN: Thank you. I am glad you brought up that issue. 
In the two graphs that I showed where we used normal human 
bronchial epitheli.al_ cells as a normal control, I did not show the 
effect of 17AAGA. First of all, I can say that when the normal 
human bronchia] epithelial cells are grown for 96 hours in vitro 
to reach confluence to mimic the normal condition in vivo, in 
which there are very few mitotic activities, treating these cells 
with 17AAG A has no effect on their viability. Treating these cells 
with 17 A AG A indeed does decrease the erbB-1 and erbB-2 
expression, but that does not afreet cell viability: So we know 
from our experiments that this drug is not toxic to normal 
human cells grown to confluence in vitro. I have not tested 
normal human cells in terms of their ability to secrete MMP-9 or 
VEGF at all. 

DR KEEN AN: Sometimes there is differential gene expression in 
the metastasis compared with the primary tumor. Do you have 
any data on whether or not some of -the antimetastatic effect 
might be related to those differences in gene expression and 
whether your treatment might be more or less effective because 
of that? 

DR NGUYEN: That is a very insightful question. No, I have not 
looked into all the phenotypes. That might contribute to it. The 
"prom eta stasis" phenotypes evaluated in this project are those 
that have been shown to associate with or actively play a role in 
the process of metastasis formation, but not the metastasis 
deposit itself. 



dependent' enhancement of paclitaxel toxicity in non-small 
cell lung cancer by 17-allylamino 17-demethoxygelcanamy- 
cin. J i horse Cardiovasc Surg 1999;11S;90S-15." 



DR JOHN R. B ENFIELD (Los Angeles, CA): Could you tell us a 
bit more about the cell lines that you used? There is always the 
problem as to whether cultured cell lines for lung cancer, which, 
are hard to perpetuate, do in fact represent, what happens in 
lung cancer in humans. What were the ceil lines that you used? 

DR NGUYEN: The H460 is a large-cell .carcinoma, the K322 and 
H358 cells are bronchoalveolar carcinoma, and H661 is a large- 
cell carcinoma. So they are all non-small cell lung cancer of 
different subtypes. 

DR B ENFIELD: And they have been perpetuated for how many 
passages? Are these well-established cell lines? 

DR NGUYEN:' Yes, these cells are well-established, available 
fromATCC. 

DR BENFIELD: Thank you. You alluded to the fact that you are 
ready now for in vivo testing of the agent; There are at least two 
ways in which you could do that preclinically. There are ham- 
sters, non-small cell lung cancer models that are rather well 
established (Benfield JR, Malkinson AM, Schuller HM, Sunday 
ME. Animal models of lung cancer. In: Kane MA, Bunn PA Jr., 
eds. Biology of Lung Cancer. New York: Marcel Dekker, 1998: 
247-93). The other thing that you might want to consider is 
placing some of the human tumors into nude mice, and then 
trying the agent while the nude mice are accepting the tumor. 

DR NGUYEN: Thank you very much. I appreciate your 
suggestion, ' 

To be specific about what we are doing, we create either a 
tumor mass- in the flank or actually inject the H358 cells 
intravenously via lateral tail veins of nude mice to create a 
metastasis model and then treat the animals at a different 
time point after tumor cell inoculation with 17AAGA. So this 
is the experiment that we are carrying out right now. 
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Summary 

The HspSO chaperone is. required for the activation 
of several families of eukaryotic protein kinases and 
nuclear hormone receptors, many of which are proto- 
oncogenic and play a prominent role in cancer. The 
geidanamycin antibiotic has antiproliferative and anti- 
tumor effects, as it binds to Hsp90, inhibits the Hsp90- 
mediated conformational maturation/refolding reaction, 
and results in the degradation of Hsp90 substrates. 
The structure of the geldanamycin-bmding domain of 
Hsp90 {residues 9-232) reveals a pronounced pocket, 
IS A deep, that is highly conserved across species. 
Geidanamycin binds inside this pocket, adopting a 
compact structure simitar to that of a polypeptide 
chain in a turn corifGrmstiGn. This, and the pocket's 
similarity to substrate-binding sites, suggest that the 
pocket binds a portion of the polypeptide substrate 
and participates in the conformational maturation/ 
refolding reaction. 

Introduction 

Geidanamycin, and its closely related analogs herbi- 
rnycin and macbecin, are naturally occurring antitumor 
antibiotics (DeSoer et aL, 1970; Omura etal., 1979; Ono 
etal., 1982). In the National Cancer Institute's (NCI) in 
vitro screen for antitumor agents, geidanamycin has 
shown potent activity, achieving 50% growth inhibition 
(Glso) at concentrations as low as 13 nfvl against the 
most responsive ceil lines, with a mean Glso of 180 nM 
against all 60 of the tumor cell lines (Supko etal., 1995). 
Geidanamycin is active in mouse tumor models as well 
(Sasaki et at., 1979; Ono et at., 1982), and it has been 
selected for preclinical development as an antitumor 
agent by the NCI (Supko et aL, 1995). 

"these authors contributed equally to this work. 



The antitumor effects of geidanamycin likely result 
from its ability. to deplete ceils of two broad classes of 
growth-regulatory signaling proteins: (1) proto-onco- 
genic protein kinases, including the erbB2 (Miller et aL, 
1994; Chavany et ai. f 1996) and EGF (Murakami et ai., 
1994) receptor tyrosine kinases, the v-src family of non- 
receptor tyrosine kinases (Juneet a!., 1990; Xu and Lind- 
quist, 1993; Hartson and Matts, 1994; Whitesell et al., 
1994), and the Raf-1 (Schulte et al., 1995; Schneider et 
al., 1996) and CDK4 Ser/Thr kinases (Stepanova etal., 
1996), whose overexpression, or otherwise deregula- 
tion, has been 1 observed in diverse human cancers 
(Bouchard et al., 1989; Hunter and Pines, 1994; Tronick 
and Aaronson, 1 995); and (2) the nuclear hormone recep- 
tor family, including the estrogen and androgen hor- 
mone receptors (Smith et al., 1995; Nair et aL, 1996;" 
Whitesell and Cook, 1996), which can drive the growth' 
of hormone-dependent cancers of the breast (Osborne 
et aL, 1980} and prostate (Isaacs and Coffey, 1973), 
respectively. 

Initially thought to be a nonspecific kinase inhibitor, 
geldanamyciri's target has only recently been identified 
as the heat shock protein Hsp90 (Whitesell et aL, 1994) 
and its endoplasmic reticulum homolog GP96 (Chavany 
et aL, 1996). In eukaryotes, Hsp90 has dual chaperone 
functions participating both in the conformational matu- 
ration of the nuclear hormone receptors and the afore- 
mentioned protein kinases, and in the cellular stress 
response (Bohen and Yamarnoto, 1994; Jakob and 
Buchner, 1994; Pratt and Welsh, 1994). These two pro- 
cesses are likely to have in common the ability of Hsp90, 
in cooperation with Hsp70 and other factors, to prevent 
protein aggregation and mediate, the ATP-dependent 
refolding of heat-denatured proteins in vitro and in vivo 
(Freeman and Morimoto, 1996; Schneider et aL, 1996). 

The best-studied Hsp90-mediated conformational 
maturation is that cf the nuciear hormone receptors, 
which require the Hsp90 system in order to acquire or 
maintain a state competent to bind hormone (Bresnick 
et aL, 19B9; Picard et at., 1990; Nathan and Lindquist, 
1995). !n this ATP-dependent reaction, an initial hor- 
mone receptor complex that contains Hsp90, Hsp70, 
and at least two cochaperones, p60 and Hip (p48), is in 
equilibrium with a complex in which the receptor is in 
a metastable, nearly mature state competent to bind 
hormone (Smith et aL, 1995; Dittmar et aL, 1996). This 
nearly mature complex lacks Hsp70, p60, and Hip, but 
contains two new proteins, p23 ana one of the three 
large immunophilins, FKBP52, FKBP54, or CyP40 (Smith 
et aL, 1 995; Dittmar et a!., 1 995). Upon hormone binding, 
the receptor is released as an active transcription factor 
(Smith et al., 1935; Dittmar etal., 1995}. Treatment with 
geidanamycin appears to block the conversion to the 
nearly mature complex, preventing hormone binding 
and activation, and results in the degradation of the 
hormone receptor (Whitese!! and Cook, 1995). 

The requirement for Hsp90 in the activation of the 
aforementioned protein kinases has been demonstrated 
both genetically (Xu and Lindquist, 1993; Aligue et aL, 
1994; Nathan and Lindquist 1995) and biochemically 
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Figure 1. Geidanamycin Binds the N-Termi- 
r.ai Structural Domain of Hsp90 
(A) The three structural domains of HspSO, 
identified by proteolytic digestion, are indi- 
cated, together with their percent identity in 
the EL coli homoiog. The oligomenzation ac- 
tivity at the C -terminal portion has been de- 
scribed (wearsch and Nicchina, 1995). The 
digestion of residues 1-9 is consistent with 
this region being absent from most Hsp90 
sequences except mammalian ones. To iden- 
tify the geldanamycin-binding domain, the 
purified structural domains, at 1 p-M, were incu- 
bated with 2.0 p.M geidanamycin (GIBCO-BRL) 
each; the free drug was then separated on a 
gel filtration column, monitoring absorption at 
280 nm, and the protein peaks (the C -terminal 
domain absorbed weakly at 280 nm for lack 
of tryptophans) were analyzed for the pres- 
ence of geidanamycin by reverse-phase 
HPLC, with monitoring at 310 nm. The gel 
filtration protein peak of the N -terminal do- 
main was the only one that contained geida- 
namycin; the molar ratio was determined to 
be approximately 1:1 based on UV absorp- 
tion. The composition of the two secondary 
geidanamycin peaks observed in the re- 
versed, phase chromatography is not cfear, 
but they could also be produced by the addi- 
tion of dithiothrertol inthe absence of protein. 
Geidanamycin is abbreviated as GDM. 
<B) Stereo view oF the geidanamycin 2Fo-Fc 
electron density before any geidanamycin 
atoms were buitt into the HspSO model. The 
map was calculated at 2,0 A and contoured 
at 1.0 sigma; also shown is the refined gei- 
danamycin model in a ball-and- stick repre- 
sentation. 



(Hartson and Matts, 1994; Chavany et al., 1996; Stepa- 
nova etal., 1996), This reaction is notas well understood, 
but it appears to involve a subset of the molecules found 
in the complexes with hormone receptors, as well as a 
protein kinase-specific cefaclor, pSCP^ 17 fwhiteiaw et 
al., 1991; StancatoetaL, 1993; Cutforth and Rubin, 1994; 
Stepanova etal,, 1996). For some of these kinases, such 
as Raf-1, Hsp90 association is a prerequisite for their 
trafficking to the plasma membrane (Schuite etal., 1995); 
for others, the mechanism of Hsp90-rnediated activation 
is not yet understood. Again, geidanamycin interferes 
with HspSO function and induces the rapid degradation 
of these kinases by the proteosome system (Murakami 
et al.. 1994; Schulte et al., 1995; Schneider et al., 1996; 
Stepanova etal., 1996). 

tn addition to its rote in the conformational maturation 
of signal .transduction rnoiecuies, the eukaryotic HspSO 
system participates in the refolding of certain thermally 
denatured polypeptides during the recovery of ceils 
from heat stress (Borkovich et al., 1339). Using firefly 
luciferase as a model substrate, it was demonstrated 
that Hsp90 cooperates in this process with Hsp70, 
Hsp40 (a DnaJ homoiog), p50, Hip; and p23 (Schu- 
macher et al., 1994; Schneider et al., 1996). Thus, the 
Hsp9 0 complexes formed with the thermally denatured 
polypeptide resemble those of hormone receptors and 
protein kinases. Geidanamycin inhibits the Hsp90-msdi- 
ated refolding of iucif erase, both in vitro and in vivo, and, 



as a result, luciferase is retained in the Hsp90 complex in 
an unfolded, degradation- sensitive state (Schneider et 
al., 1996). This shifts the balance from refolding to the 
proteolytic degradation of the protein (Schneider et al„ 
1996). Such a mechanism might aiso expiain how, under 
nonstress conditions, geidanamycin and its homologs 
cause the degradation of the signaling molecules. 

To obtain insights into the function of Hsp90 in these 
conformational maturation/refolding processes and its 
inhibition by geidanamycin, we identified the geldana- 
mycin-binding domain of Hsp90 (henceforth Hsp90- 
GBD), and we determined the crystal structures of this 
domain and of its complex with' geidanamycin. x 

Results and Discussion 

Isolation of the Geldanarnycin-Binding 
Domain of HspSO 

To facilitate the structural study of the geidananiycin- 
Hsp90 interaction, we first used proteolytic digestion 
and determined that the bovine Hsp90 contains three 
structural domains (Figure 1A): an N-terminal domain of 
approximately 25 kDa, s middle domain of approximately 
35 kDa, and a C-terminal domain of approximately 10 
kDa. We then assayed the three corresponding recombi- 
nant domains of human Hsp90 for geidanamycin binding 
using ge! filtration chromatography to remove excess 
drug and reverse-phase HPLCto detect the bound drug, 
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Table!. Summary 1 of Crysrallographic Analysis 
Diffraction Data and MIR Analysis 



Crystal 



- Crystal 
Description 



Resolution (a) 



Unique 
Reflections 



Measured 
Reflections 



uoverage 



Phasing 
Power 



Native! 
Native2 
Native3 

GDM Complex 

K ; AuCl, 

K ? PtCU 

K,PtBr, 

Sm(OAc), 



1222 (10 e C)' 
1222 (-160'} 
P2,-Mg (-160"C) 
P2, (-~160°C) 
1222 (1 0°C) 
1222 {1 0°C) 
1222 (1 C*C) 
1222 (TCfC) 



2.30 


13532 


43812 


98.0 


4.4 


i.es 


3451 6 


351958 


98.2 


3.8 


2.20 


11381 


51794 


97.7 


3.5 


1.90 


16905 


85335 


92.2 


2.5 


2.50 


10254 


49642 


94.6 


5.7 


3.20 


4713 


20129 


91.6 


5.8 


3,20 


4B31 


25025 


93.1 


4.7 


3-20 


4441 


16281 


86.0 


71 















17 


2.43 


0.54 


28 


• 1.07 


0.S3 


22 


0.75 


0.90 


30 


0.65 


0.92 



Refinement and Analysis of Atomic Models 



Crystal 



Resolution (A) 



Reflections 
(\F\ > 2cr) 



Atoms Modeled 
(Protein, Water) 



rms Deviations (Bonds [A], 
Angles [°}, B Factor [A 7 ]) 



Native! 
Naiive2 
Native3 

GDM Complex 



7-0-2-3O 
6.0-1.65 
7-0-2.20 
6.0-1.90 



1.2445 
32524 
10845 
16080 



1626, 
1626, 
1679, 
1679, 



96 
335 
246 
288 



16.9 
ISA 
18.9, — 
1E.9. — 



25.2 
24.4 



0.012, 
0.007. 
0.010, 
0.0D9. 



1.7, . 3.2 

1.6. 3.3 

1.7. 3.2 

1.8. 3.2 



Coveraoe is the percentage measured of the total reflections theoretically observable. R^ = Ifc " « > *A U where '\ is the mean 
fnte^fof the / e" tLs cf the unique reflection *. . - 1 I ft, - FA I where ft and F„ are the native and denvauve structure 
ZTZ^Ls. respectively. Phasing^ower . [ W / - «h« and F^ are the £*r^ .nd ^ d 
derivative structure factors, respectively. R c « SliF w ± F p l - F^U XlF m X F P l for ^^^ m ^^^l^ s ^^ s 
heavy atom structure factor. Figure of merit = <1 PW expft) / X P{«)>, where P(a) ,s the probably dismbut.on for tr, P*"£/^ s 
mooted discounts hydrogen atoms. R - 2<F P - F„,l / £F P where F^ is the calculated prote.n ^^^J^^ 10 ^^ 
is the R factor calculated using 10% of the reflection data chosen randomly and om.tted from the refinement process whereas ^ is 
«^ted whh the rema!ning data used in the refinement, rms. bond .engths and ang.es are the deviations from ideal values; the rms dev.at.on 
in 8 factors is calculated between covalentiy bonded atoms. __ . 



and determined that the N-terminal domain, which has 
the highest sequence conservation among the three 
domains, binds geldanamycin at an approximately one 
molar ratio (Figure 1A), 

In crystallization experiments, the geldanamycin- 
binding domain of human Hsp90 (Hsp90-GBD, residues 
9-236) produced two distinct crystal forms in which the 
structure differs by a local conformational change. The 
geidanamycin-HspQO-GBD complex crystallized in only 
one of the two forms. The two apo-Hsp90-GBD struc- 
tures have been determined at 1 .65 and 2.2 A resolution, 
respectively, and the structure of the geldanamycin 
complex at 1.9 A resolution (Table 1, Figure IB). 

Overall Structure of the 
Geldanamycin-HspSG-GBD Complex 
The Hsp90-GBD has nine helices and an antiparaltef £ 
sheet of eight strands that together fold into ana-f-p 
sandwich (Figures 2A-2D). One face of the p sheet is 
hydrophobic and packs against a layer of five helices; 
four of these helices (HI, H2, H4, and H9) pack flatly 
against the £ sheet with their axes parallel to the S 
strands, while K7 packs against the ji sheet ata steeper, 
almost perpendicular angle. The structure has a second ■ 
layer of helices that pack on the first layer {H5 and HB), 
and two smaller helices (H3 and H8) at the periphery of 
the sandwich (Figures 2A-2D). It is noteworthy that four 
of the nine helices are of the 3 lC type and comprise 
11.2% of the amino acids, which is significantly higher 
than the 3.4% average in the protein database (Barlow 
and Thornton, 1988). At its center, the helical face of 
the sandwich has a wide opening that extends into the 



hydrophobic core of the structure and results in a pro- 
nounced pocket, about 15 A deep (Figures 2B-2D). The 
pocket has the 0 sheet as its base and three helices 
and a loop as its walls, and contains residues highly 
conserved across species (Figure 3). The helical face of 
the sandwich also has a surface groove that leads into 
the pocket- 
In the complex, the 560 Da geldanamycin adopts a 
compact conformation and binds inside the pocket, fill- 
ing all but its deepest portion "(Figures 2A-2t=). i he 
benzoquinone group of geldanamycin binds near the 
entrance of the pocket, whereas the ansamycin ring, 
having dimensions similar to those of a five amino acid 
polypeptide in a turn conformation, inserts into the 
pocket. There is extensive, though not complete, sur- 
face complementarity between geldanamycin and the 
pocket and this allows tor a high density of van der 
Waals contacts. Although hydrogen bond contacts are 
fewer, there being only five of them, one pair from the 
geldanamycin carbamate group (Figure 2E) can be rea- 
sonably described as one of the most important intermo- 
lecular interactions in the complex. 

The entrance and width of the pocket are likely regu- 
lated by a conformational change, as evidenced by 
structural and positional changes in three helices and 
a loop in the two different apo-Hsp90-GBD crystal forms 
(Table 1). One of the conformations, which is essen- 
tially identical to that observed in the crystals of the 
geldanamycin-Hsp90-G3D complex, has a wide enough 
entrance to allow geldanamycin binding. The other con- 
formation has a narrower entrance, and it would be 
incompatible with geldanamycin binding. ^ 
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Figure 2. The Hsp90-GBD Is an c*+j3 Sandwich with a Deep, Conserved Pocket where Geldanamycin Binds 

(A-C) Three approximately orthogonal views of the compiex. Geldanamycin atoms are colored yellow for carbon, red for oxygen, and blue 
for nitrogen, in (A), all secondary structure eiemerits are labeled, whereas in (£) and (C), only those discussed in trie text are labeled for c!snity. 
Images were prepared with the programs MOLSCRIPT {Kraulis. 1991) and RASTER3D (Merrit and Murphy, 1994). 

(D) Stereo view of the Ca trace of the complex, with every 10th residue numbered and its Ca atom highlighted as a sphere. 

(E) Chemical structure of geldanamycin. 



Architecture and Properties of the 
Geidanamycin-Binding Pocket 



The 



cket< 



it is about 15 A deep, 1 2 A in diameter near its entrance, 
S A midway down, and wide enough at the bottom to 
hold three water molecules (Figure 4A). The bottom of 
the pocket is formed by the central portion of the antipar- 
a!!e! p sheet (strands S3, S4 r and S7), and the wails by 
the H2, H4, and H7 helices and the LI loop (Figure 3). 
The pocket is deepest by the H7 heiix, which packs at 
an almost perpendicular angle to the (3 sheet bottom, 
and is shallowest by the LI loop. The pocket is of mixed- 
hydrophobic and polar character, with roughly half of 
the 17 amino acids lining its interior being hydrophobic, 
a quarter polar, and a quarter charged (these residues 
are Leu48 ; Asn51 ( Asp54, Ala55, Lys58, IIe91, Asp93, 
He96, Gfy97, Mst98, Asn106, Leu107, Lys1l2, Gly135, 
Phel3B, Vail 50, Thr184, and VaI186; Figure 3). Although 
the pocket becomes increasingly hydrophobic toward 
the bottom, it retains one chargeo aid one polar residue 



at its deepest portion (Asp93 and Thr184 from the B 
sheet). • 
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species, with 43% of its residues identical in the Esche- 
richia coli Hsp90 horrtolog. The structure reveals that 
the conserved residues are not distributed homoge- 
neously on the structure, but instead show a striking 
tendencv to cluster in and around the pocket, with B2% 
of the residues fining the interior of the pocket being 
invariant from E. coli to humans (Figures 3 and 4B). This 
identifies the pocket as holding the key to understanding 
the function of this domain. Of particular interest is 
Asp93, because it is at the pocket bottom in an otherwise 
mostly hydrophobic environment and because it is con- 
served in all known Hsp90 homoiogs from 35 species. 

Supporting a functional significance for this pocket 
are mutations" in the yeast homotog of Hsp90 (HspS2) 
that result in either temperature-sensitive or reduced 
activity phenotypes(3ohen and Yamamoto, 1993; Sulli- 
van and Toft, 1993; Kimura et aL, 1994; Nathan and 
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Figure 2. Atignmem of Hsp9Q-GBD Sequences from Several Diverse Species 

Secondary structure elements for the P2-, (open) Form are indicated above the sequence together with the changes observed in the 1222 
(dosed) form. Invariant residues are highlighted in yellow, residues that make up the pocket are underlined in red. and residues that make 
up the surface groove are underlined in blue. Residue solvent accessibilities are indicated with circles {open, half-closed, or closed). The 
dagger symbol indicates 3^ helices. 



Lindqurst, 1995), as well as a mutation in the Drosophila 
Hsp90 (Hsp83) that impairs signaling by the Sevenless 
receptor tyrosine kinase (Cutforth and Rubin, 1994). 



These mutations map either in the pocket (AIa55Val f 
GIy95Ser, Gly183Asp) or in the immediate vicinity of the 
pocket (Thr36Asn, SerSOLeu, AtaT HThr, ThmSIle), and 





Figure 4. The Hsp90-GSD Kas a Conserved Pocket That !s 15 A Deep 

(A) A thin slice of the Hsp90-GBD molecular surface, depicted ass white net, stressing the pocket dimensions. Red indicates surface portions 
with a negative electrostatic potential, and blue those with a positive potential. The pocket is mostly polar at its entrance {Lys58 and Lysl 1 2 
are shown), and it becomes predominantly hydrophobic near the bottom, except for Asp 93. The approximate locations of the 3 sheet and of 
the H7 helix are indicated; the HZ helix would be approximately above the plane of the figure, whereas the H4 helix would be below. This 
image w2S prepared with the program GRASP (Nicholis et a!., 1991). 

(B) Yellow highlights the positions of residues invariant in the E. coli Hsp90 homolog; magenta highlights residues, shown in space filling 

(C) Surface representation indicating the pocket and groove. Also indicated, in yellow, are several patches of exposed hydrophobic amino 
acids in the vicinity of the pocket and groove. These hydrophobic residues are: Phe2*3 to the right of the groove in this view; Ala 11 7, Alal 21 , 
Aial24, Aia726, Men 30, and Phe134 to the left of the groove; and Phe20, IlelM. Alam, and Hell 2 to the left of the pocket (prepared with 
the program GRASP}. 




Figure 5. A Conformational Change Alters the Sizeand Accessibility 
of the Pocket in the Absence of Geldanamycin 
The secondary structural elements that undergo positional and con- 
formational changes are shown in red for the 1222 (closed) and in 
cyan for the P2, (open) apo-Hsp90-GBD crystal forms. Geldana- 
mycin. in space-filling representation, is superimposed on the figure 
to stress the effects that the conformational change has on the 
pocket si2e. 



the structure suggests that most of these mutations 
would disrupt the structural integrity of the pocket {Fig- 
ures, 3 and 4B}. 

Leading to the pocket, there is a surface groove 
formed b_y the H6 and H9 helices on the sides, and the 
H2 helix at its bottom (Figure 4C), its shape is not as 
pronounced as the pocket being shallower (about 7-8 
A), broader (about 15 A), and mostly pofssr. This groove 
is conserved, although not as well as the pocket with 
73% of the residues lining its concave surface identical 
in the £« co!i homolog (these residues are Asn4-0, G!u42 
Ile43 f Arg46, Glu47, SerSO, Ser129, Gln133, His210, 
Ser211, and Ile214; Figure 3). Since many of these resi- 
dues are polar or charged/ without any significant roles 
in the structural integrity of this domain, their conserva- 
tion suggests that the groove may participate in intermo- 
dular interactions important for Hsp90 function. 

Conformational Change Afters the Size 
and Accessibility of the Pocket 

An approximately 35 amino acid region of the Hsp90- 
GBD structure, consisting of the H4-L2-H5-H6 secondary 
•structure elements (residues 1 00-1 34}, has two different 
conformations in the two different Apo-Hsp90-GBD 
crystal forms (Table 1, Figures 3 and 5). We have termed 
these the "open" and "closed" conformations because 
they result in different pocket size and accessibility, 
with only the open conformation being compatible with 
geldanamycin binding. 
At the center of the open-to-ciosed conformational 



change is a displacement of the L2 loop into the pocket 
by more than 9 A (Ca-Ca distance), whereupon the L2 
loop replaces the H4 helix as one of the pocket walls. 
The motion of the L2 loop is facilitated by portions of 
the H4 and H5 helices undergoing heiix-to-coil and corl- 
to-helix transitions, respectively (Figures 3 and 5). The 
H4 and H5 helices also are displaced, by up to 6 A. The 
functional consequence of this conformational change 
is that the L2 loop acts as a gate that constricts the 
pocket entrance from a width of 12 A to 8 A (Figure 5). 

These two alternate conformations have clear elec- 
tron density in their respective crystal forms and are 
associated with well-packed side chain arrangements 
(Figure 3). It is conceivable that this conformational 
change in vitro may mimic a process that occurs in vivo 
and may be involved in the regulation or functioning of 
the pocket. Supporting an in vivo role for the closed 
conformation is the Alal 1 1 Thr mutation on the L2 loop 
that results in a temperature-sensitive, phenotype in 
yeast (Kimura et a!., 1994). This mutation would disrupt 
the closed conformation structure where Ala1 1 1 is fully 
buried and participates in the hydrophobic packing of 
the loop, but not the open conformation structure where 
Alain is tufty solvent exposed with no apparent struc- 
ture-stabilizing role. 

Structure of Geldanamycin 

Geldanamycin consists of a closed ansa ring with a 
planar benzoquinone embedded in it (Figure 2E), The 
ansa ring is sterically hindered because (1) its backbone 
consists of a planar amide and three carbon-carbon 
double bonds (two of them arranged in a 1,3 diene), and 
(2) of its sixteen backbone atoms, nine carry nonhydro- 
gen substituents: a carbonyl, a carbamate (-OC(0)NHJ, 
a hydroxyl, two methoxy, and four methyl groups (Figure 
2E).. 

Hsp90-bound geldanamycin is highly compact and 
internally well packed (overall dimensions of about 9 X 
9 X 9 A). Its ansa ring is folded over the benzoquinone, 
forming a C-clamp-like structure, with the benzoquinone 
forming the top of the (C) and the ansa ring forming the 
stem and bottom of the (C) (Figure 6 A). Two of the methyl 
groups from the ansa ring are centrally positioned to 
maximize intramolecular van der Waais contacts: the 
C25 methyl group from the tip of the ansa ring packs 
with the benzoquinone, thus bridging the top and bot- 
tom haives of the (Cj, and the C28 methyl group packs 
with the diene carbon atoms, bridging the two sides of 
the ansa ring (Figure 6A). 

This compact conformation differs from those ob- 
served with free geldanamycin (Rinehart and Shield, 
1 976) or herbimycin (Furusaki et at. f 1 980), which crystal- 
lize from organic solvents in significantly more open, 

, extended conformations. The differences are likely due, 
in part, to the loss of copianarity between the amide 
group and the benzoquinone in Hsp90-bound geldana- 
mycin, as well as to the differences in the crystallization 

solvents. 

Geldanamycin-Hsp90 Contacts 

The tip of the geldanamycin ansa ring (bottom of [C]), 
which has the carbamate, C23 methoxy, and C25 and 
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Figures. Hsp90-Bound Geldanamycin Adopts a Compact Conformation Reminiscent of the Letter (C) and Binds Hsp90 by Inserting the Tip 
of Its Ansa Ring inside the Pocket 

{A) Diagram of the bound geldanamycin conformation summarizing the hydrogen bond (dotted fines) and van der Waals (arrows) contacts it 
makes with Hsp90 residues, colored brown. The oxygen atoms of geldanamycin are shown in red, nitrogen atoms in blue, and methyl groups 
£s eiosed circies; the remaining carbon atoms are not explicitly shown. 

(B) Stereo view of the geldanamycin-Hsp90-GBD interactions. Geldanamycin is colored as in Figure 2A. and Hsp90 residues that make up 
the pocket are colored magenta. Hydrogen bonds are indicated by green dotted lines, and the water molecule that bridges the geldanamycin 
carbamate group with Asp93 is shown as a red sphere. 

(CJ Geldanamycin, in space-filling representation, adopts a structure that is, overall, complementary to the pocket, shown as a blue molecular 
surface net. Although the fit is extensive, there remains a buried cavity at the interface with three trapped water molecules in it (colored 
magenta), while a fourth water molecule hydrogen bends with the carbamate group and Asp93. The reduced complementarity near trie pocket 
entrance is evident as gaps between the geldanamycin atoms and the Hsp90-GBD surface. Orientation is similar to that of Figure 4A. 



C26 methyl group substituents, binds near the bottom 
of the Hsp90 pocket and makes 3 high density of van 
der Waals contacts, whereas the benzoquinone (top of 
[CJ) is positioned near the entrance of the pocket and 
makes only a few contacts (Figures 6 A and SB). There 
is extensive surface com pie men rarity between the com- 
pact geidanamycln structure and the pocket, as attested 
by 'the fact that a remarkable 85% of the surface area 
of geldanamycin is buried in the complex (609 A 2 out of 
719 A^. . - - 

The most critical portion of the interface is likely to 

-a hitrlr/vnon hn^iH n^^rArU ke*->»roon +-V^r% /initio— nm.^)-. 

carbamate group and the Asp93 side chain from Hsp90, 
which are buried at the pocket bottom in an otherwise 



mostfy hydrophobic environment. The carbamate amino 
group makes a hydrogen bond to one of the Asp33 
side chain oxygen atoms, and its carbonyl oxygen atom 
makes a water-bridged hydrogen bond with the other 
Asp93 side chain oxygen atom (Figures 6A and 68). The 
AspS3 side chain, which has an identical conformation 
in the Apo-Hsp90 structures, also hydrogen bonds to 
the Ser52 OH and the backbone amide of residue 95. 
This hydrogen bond network is buried about 10 A away 
from the nearest solvent surface, and the low dielectric 
constant of this environment would significantly in- 
crease- tns couiornbic attraction due to the partiaf 
charges. The importance of this hydrogen-bond network 
is supported by structure activity studies demonstrating 
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that the removal of the carbamate group, or the attach- 
ment of additional atoms to it completely abolished 
geldanamycin activity (Schnur et aL, 1995b). 

At the tip of the ansa ring, the carbamate group con- 
tact is flanked by the C23 methoxy and C25 and C26 
methyi groups making high density van der Waals con- 
tacts with the bottom and sides of the pocket (Figures 
6A and 6B). Although the surface complementarity at 
the pocket bottom is extensive, there remains a buried 
cavity filled with three water molecules near the C23 
methoxy and the' carbamate groups (Figure 6C). It is 
conceivable that the cellular substrates of Hsp90 can 
fill this cavity as well. Modifications to this portion of 
geldanamycin, for example by adding to the C23 posi- 
tion a group of 4-6 nonhydrogen atoms, could increase 
the stericand hydrogen bond complementarity and may 
yield derivatives with increased affinity for Hsp90. 

Halfway between the pocket bottom and the surface, 
the widening of the pocket causes a decrease in the 
complementarity and contact density, although the fit 
is still adequate to exclude, bulk solvent (Figure 6CJ. In 
this region, the diene and the C27 methoxy groups make 
van der Waals contacts, and. the OS hydroxyl group 
makes a hydrogen bond contact with Lys5B (Figures 6 A 
and 6B). As we get closer to the surface, the contact 
density decreases further. In this region, the C28 methyl 
group appears to be in an overall unfavorabie environ- 
ment, being within van der Waals contact distance to a 
backbone carbonyl oxygen atom and a partially buried 
water molecule (Figures 6A and 6B). The loose fit in this 
region, both sterically and electrostatically, points to a 
potential for a significant improvement of the affinity of 
geldanamycin for Hsp90 (Figure 6C). 

At the pocket entrance, the carbonyl oxygen atom of 
the ansa ring makes a hydrogen bond to a backbone 
amide (Phel38) at the N-termina! portion of the H7 hefix 
(Figures 6A and 6B). The benzoquinone, which is at the 
pocket entrance with one face solvent-exposed, makes 
only a few contacts, and these are primarily solvent- 

i— v.^i — i t — t_ * — i i _u.„:__. 

Crtpi/JCu liJf>JH^y^t| MIOL1C lAJ iui ivj iy Sji »C 1,1 tail 1^. 

one of the benzoquinone oxygen atoms hydrogen bonds 
with Lys112, and the C29 methoxy group oxygen atom 
makes a long-distance (3.5 A) hydrogen bond with 
Lys55/ 

Geldanamycin Derivatives 

Arnongthe naturally occurring homologs, geldanamycin 
is the most potent. Compared to herbimycin, for exam- 
ple, geldanamycin is more potent by a factor of about 
four in achieving a 50% reduction (I Cm) of erbB-2 kinase 
activity in human SKBr3 breast cancer cefis (Miller et 
aL, 7994). The structure suggests that this may be due 
to the hydrogen bond that the C29 methoxy oxygen 
atom of geldanamycin makes with Lys58, because her- 
bimycin does not have the C29 methoxy group. 

Among the published synthetic derivatives (Schnur et 
a!., 1995a, 1995b), the highest potency, reflecting an 
improvement in the 1C S0 of a factor of 4-5, was achieved 
by an amino group substitution at the C17 position of 
the benzoquinone (Schnur etal., 1995a). it was proposed 
that this and several related substitutions at the CI 7 
position improved cellular activity indirectly, by stabiliz- 
ing the quinone form over the reduced hydroquinone 



(Schnur et a!., 1995a). The structure supports this hy- 
pothesis, a s this position is highly solvent exposed in the 
complex and is a poor candidate for additional Hsp90 
contacts. 

Overall, however, most modifications decreased or. 
eliminated activity (Schnur et al. f 1995a, 1995b). The 
maintenance of the carbamate group and of the closed, 
cyclic nature of the ansa ring proved necessary for activ- 
ity (Schnur et aL, 1995b), consistent with the extended 
hydrogen bond network that the carbamate group 
makes and with the importance of a closed cyclic ring 
in limiting conformational flexibility, respectively. Modifi- 
cations at other positions either had little effect or re- 
duced the activity of geldanamycin in line with space 
considerations revealed by the crystal structure. For 
example, additions of small groupsto the amide nitrogen 
and to the C19 position of the benzoquinone, which are 
juxtaposed in a partially solvent-exposed region of the 
complex, were tolerated (Schnur et al., 1995a, 1995b), 
whereas bulky substituents at these positions reduced 
or eliminated activity (Schnur et al. t 1995b). 

Cur crystal structure suggests modifications, such as 
those at the C23 methoxy and C22 methyl groups dis- 
cussed earlier, that could improve the stericand hydro- 
gen bond complementarity between geldanamycin and 
Hsp90 and could thus provide analogs with increased 
Hsp90 affinity (a total synthesis of geldanamycin has 
recently been reported [Miller, 1995]). In addition, by 
identifying which modifications are compatible with 
Hsp90 binding, the structure should also help with the 
improvement of geldanamycin 's low plasma half-life 
(Supko et aL, 1995) and other pharmacological proper- 
ties as well. 



Implications for Understanding 
KspSO Function 

The pocket is best considered as a substrate-binding 
site, for there are extensive similarities between the 
pocket = ncl s typical enzyme active site, though no ccvs-» 
lent chemistry is implied by the similarities. We note that 
(1) the pocket has adequate space and hydrophobic 
content, and is adequately shielded from bulk solvent 
to tightly bind substrates of a few hundred dsltcns; {2} 
there is a nonuniform electrostatic distribution resulting 
from an aspartic acid at the otherwise hydrophobic bot- 
tom of the pocket; (3) the shape and size of the pocket 
entrance is fikely to be regulated by a conformational 
change; (4) the geldanamycin-binding domain of Hsp90 
is the best conserved among its three structural do- 
mains, and within this domain, the conserved residues 
cluster in and around the pocket; (5) mutations that 
inactivate Hsp90 map in and around the pocket; and, 
finally, (5) the geldanamycin inhibitor of Hsp90 function 
binds inside this pocket 

Assuming that the Hsp90 pocket is a substrate binding 
site, it can then directly follow that its substrate is the 
protein, or more precisely, a segment -of the protein, 
whose conformational maturation/refolding is mediated 
by the Hsp9C chaperone system. This pocket-poly pep- 
tide association is likely to occur as a late step in the 
reaction pathway because Hsp70, which is present in 
all of the early Hsp90 complexes (Smith, 1993; Smith et 
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al„ 1995; Dittmar etaL, 1995; Johnson et ai., 1995), can 
bind unfolded proteins (Flynn et a!., 1991; Zhu et a!., 
1995) and is thus the likely initial recruiter of the unfolded 
polypeptide to the Hsp90 complex. That a polypeptide 
portion is the substrate for the pocket is supported by 
the ability of the endoplasmic reticulum homoiog, GP96, 
to associate with a specific viral peptide, though it is 
not yet known with which domain of GP96 this peptide 
is associated (Nieiand et al., 1996). 

Further support is provided by the general similarities 
between the geldanamycin ansa ring and a peptide. A 
five amino acid polypeptide in a turn conformation could 
closely trace the geldanamycin ansa ring backbone, with 
its amino acid side chains broadly corresponding to the 
carbamate, methyl, and methoxy groups of geldana- 
mycin (Figure 7). Furthermore, and intended only as an 
example, steric and hydrogen bond complementarity 
considerations suggest that a tryptophan amino acid 
could be accommodated at the polypeptide position 
corresponding to that of the geldanamycin carbamate 
group (Figure 7). The tryptophan indole amino group 
could donate a hydrogen bond to Asp93 ( in a manner 
analogous to that of the carbamate amino group, per- 
haps explaining why Asp93 is conserved, and the hy- 
drophobic portion of the tryptophan could fill the buried 
.cavity that is now occupied" by water molecules in the 
geldanamycin complex (Figure 7). In this region, back- 
bone amide groups, as well as other hydrogen bond 
donor amino acids, could also satisfy the hydrogen bond 
potential of Asp93, although they may not have as good 
of a fit as a tryptophan in the buried cavity. 

It ts conceivable that the pocket binds a family of 
related polypeptide sequences, and this could explain 
the conservation of the pocket residues, because a large 
family of peptide sequences, in contrast to a single se- 
quence, could not coevolve with amino acid changes 
in the pocket. This has precedence in the Hsp70 chaper- 
one, which has a peptide-bindihg channel highly con- 
served between E. coli and humans (Zhu et al., 1996), 
and binds unfoided proteins by interacting with seven - 
residue segments, having exposed hydrophobic amino 
acids at their central positions (Flynn et al., 1991; Zhu 
et al., 1996), 

A modei in which the polypeptide substrate binds ;n 
the pocket along the reaction pathway would be sup- 
ported by the observation that geldanamycin causes the 
dissociation of the v-src-Hsp90 complex in transformed 
cells (Whitesell etaL, 1994). Also consistent are observa- 
tions from the in vitro conformational maturation of the 
steroid receptors. In this reaction, a transient complex 
of the receptor that includes HspSO, Hsp70, and several 
other cof actors is in equilibrium with the hormone- 
responsive state of the receptor, which is bound to 
Hsp90, p23, and an immunophilin (Smith et al., 1995;. 
Dittmar et al., 1996; Nair et al., 1995). Geldanamycin 
blocks the formation of the latter complex, consistent 
with receptor-pocket interactions being required to ei- 
ther arrive at or to maintain the hormone-responsive 
state of the receptor (Smith et al., 1995; Nair et aL, 
1995). in principle, the interruption of this reaction by 
geldanamycin can be interpreted in other ways, for ex- 
ample, to mean that geldanamycin directly competes • 
witri p23 (Smith et aL, 1995) binding to the pocket. This 




Figure 7. The Geldanamycin Ansa Ring Adopts a Structure Reminis- 
cent of a Pentapeptide in a Turn Conformation 
Geldanamycin and Asp93 of Hsp90 are in yellow, the buried water 
molecules at the geldanamycin-Hsp90-GBD interface are in ma- 
genta, and the modeled polypeptide is in cyan. Red and blue indicate 
oxygen and nitrogen atoms, respectively. A tryptophan at the pep- 
tide position corresponding to that of the carbamate group in gel- 
danamycin could donate a hydrogen bond to Asp93 of Hsp90 and 
also pack in the hydrophobic cavity now occupied by the three 
water molecules. Backbone amide groups and several other amino 
acids could also hydrogen bond to Asp93, but their Tit in the pocket 
would not be as good as that of a Trp. 



»s possible; however, we note that: (1) it is unlikely that 
such an unusual pocket would have evolved to bind a 
protein cofactor; (2) p23 and the pocket could have 
coevolved resulting in far lesser sequence conservation 
at the pocket; and (3) E. coli and lower eukaryotes do 
not seem to have p23, at least not one that is as con- 
served as the Hsp90-GBD. 

On the other hand, the isolation of complexes of heat- 
denatured luciferase and of Raf with Hsp90 in the pres- 
ence of geldanamycin (Schneider et al., 1996) at first 
appears to be inconsistent with the pocket binding these 
substrates. It is conceivable, however, that Hsp90 con- 
tains additional polypeptide-interacting sites that are 
not blocked by geldanamycin and that act at an earlier 
stage. These additional sites can be either within its 
geldanamycin-binding domain (for example, the con- 
served surface groove) or in the rest of the 732 residue 
protein. Alternatively, the observed association of get- 
danamycin-bound Hsp90 with the protein substrate may 
be indirect, since these complexes contain several other 
protein cofactors, such as Hsp70, which may contribute 
to polypeptide binding (3ose et al., 1996; Duina et al., 
1996; Freeman et al., T996; Schneider et aL, 1996). in 
any case, geldanamycin blocks the refolding of the heat- 
denatured Raf and luciferase substrates, and this ulti- 
mately results in their degradation (Schneider et aL, 
1996). 

The crystal' structure of the Hsp90-GBD reveals a 
pocket whose properties indicate that it is a likely bind- 
ing site for the polypeptide substrate. That geldana- 
mycin, by binding in this pocket, inhibits the Hsp90- 
catalyzed conformational reaction both in vitro and in 
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vivo strongly argues that the pocket-substrate interac- 
tion is a required step in this reaction. The crystal struc- 
ture of this pocket as well as that of the geldanamycin- 
pocket complex, also 'provides a rational basis for the 
development of geldananrtycin derivatives with improved 
antitumor activity. 

Experimental Procedures 

ideniifi cation or the Geldanamycm-Binding 
" Domain of Hsp90 
Bovine Hsp90, prepared from brains as described (Koyasu et al., 
1 986), was digested by subtilisin, and the products were delineated 
by N-termina I sequencing and mass spectroscopy. The C terminus 
of the middle domain is estimated based on its mobility in SDS- 
PAGE because this fragment was not amenable to mass spectro- 
scopic analysis. The corresponding fragments or human Hsp90 were 
overexpressed in E. coli using the pET3d vector (Novagen), and 
the recombinant domains were purified by ion exchange and gel 
filtration chromatography. 

Crystallization and Data Collection 

For crystallization, the recombinant human Hsp90-GBD (residues 
9-236) was concentrated by ultrafiltration to 30 mg/m[ and was 
further purified by gel filtration chromatography. The geldanamycin- 
Hsp90-GBD complex was prepared by mixing the purified protein 
with a 2 -fold molar excess of geidanamycin (G1BCO-BRL), fraction- 
ation by gel filtration, and concentration by uttrafiltration to 17 mg/ 
•ml. Two crystal forms were grown at7 c C using the method of hang- 
ing-drop vapor diffusion. One form (Native 1 and Native2 in Table 1) 
grew from a buffer of 0.1 M sodium cacodylate (pH 6.5), 0.2 M 
ammonium sulfate, and 3D percent w/v polyethylene glycol 8000 
(PEG&000) in spacegroup 1222 with a - 66.2 A. b = 90.1 A, c = 
101.2 A. Another form (Native3) grew from 0.1 M Tris-HCl. 0.2 M 
magnesium chloride, and 30% PEG4000 (pH 8.5) in spacegroup P2, 
with a = 53.4 A, b « 44.1 A. c = 54.0 A. fi - 115.7". Crystals of the 
geldartamycin-Hsp90-GBD complex (GDM complex in Table 1)grew 
from a buffer of 0.1 M Tris-HCi; 0.2 M sodium acetate, and 33% 
w/v PEG4000 (pH 8.5) in spacegroup P2 V with a = 53.7 A. b = 
44.3 A. c = 54.6 A, fi - 116.1° (same space group as Native3), and 
had a violet coloring. Data were collected on an R-A.XISIIC imaging 
plate detector mounted on a Rigaku 200HB X-ray generator, at 10"C 
for Native! and the derivatized crystals. For the other data sets, 
crystals were flash frozen at -160.0*C either in 30% PEG8000 and 
20% glycerol (Native2) or in 35% PEG 4000 (Native3 and GDM 
complex). 

Structure Determination and Refinement 

The heavy atom derivatives were prepared by soaking !222 form 
crystals in a buffer of 75 mM sodium cacodylate, 0.15 M ammonium 
sulfate, and 40% PEGS DOB {pH 6.5) containing one of the following 
heavy atom solutions: saturated K^uCI^ for 52 hr, 20 mM K 2 PtCt< 
for ~*A hr and 20 mM K-PtBr ; for 60 hr. An additional derivative was 
obtained in 5 mM sodium cacodylate, 250 mM NaCl, 33% PEG8O00 
with 0.5 mM Sm(OAc)j (pH 7.0) for 14 hr. The muttiple tsomorphous 
replacement (MIR) analysis was performed using the CCP4 suite of 
programs {Collaborative Computational Project, Number 4, 1994). 
MIR phases had a mean figure of merit of 0.S6 to 3.2 A and were 
improved by solvent flattening and histogram matching. The initial 
model building was followed by several cycles of refinement with 
the program X-PLOR (Srunger. 1991) and by weighted combination 
between mode! phases and MIR phases, and this allowed For a 
continuous trace of residues 17-223. Amino acids 9-1 6 and 224-235 
in the IZ22 form were not visible in the electron density maps and 
are oresumed to be disordered. The F2^ crystal form was solved 
by molecular replacement with X-PLOR. Difference density maps 
revealed that amino acids 105-132, and especially 105-112. had 
underdone significant structural rearrangement compared to the 
L222 form. In the crystals of the complex, geidanamycin. was promi- 
nent in the early difference electron density maps and was built 
using the crystal structure of free herbimydn (Furusaki etai., 1980) 
as a starting point. In addition, in both P2t forms, the ammo-terminal 



residues 11-15 were visible and modeled, whereas two solvent- 
exposed loops, 121 -"30 and 212-214, became partially disordered 
relative to the i222 crystals. Residues in all modeis were in the 
allowed regions of the Ramachandran plot, with 89% or mere in the 
most favored regions. It is no: clear what causes the conformational 
change in vitro; the L2 loop, which changes the most, is not involved 
in any significant crystal-packing contacts, though the H5 and H5 
helices are in both crystal forms. In addition to magnesium and 
aeldanamycin. the growth of the P2, form can be induced by acidic 
pH as well. 
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Often wtisn a-n antibiotic of & nsw* structural tvos 
appears _ on the chemotherapeirEic scene it is soon 
joined by additional representatives of the same type, 
so that one can begin to speak of a class of antibiotics. 
This is the case with a new" class of antibiotics con- 
taining an aliphatic ansa bridge, 1 a bridge connecting 
two nonadjacent positions of an aromatic nucleus, for 
which -the term f 'ansamycins j; has been suggested by 
Prelog. 

Thus far four representatives of this class of anti-. 
biotics have been identified — the rifamycins , produced 
by 'Streptomyces mediterranei, 2 the streptovaricins, 
from Streptomyces speciabzKs* the tolypomycias, from 
Streptomyces iolypophorus,* and geldanamycin, from 
Streptomyces hygroscopicus var, geldanus var. nova} 
The first three exist as complexes of closely related 
components; more than a dozen .individual compounds 
have been assigned to the class. Moreover, some of the 
antibiotics have been isolated by more than one group; 
the nancimycins 6a have been reported Bb to be the same 
as the rif amycins, and the streptovaricins are apparently 
identical with antimicrobial substance B44F 7 as well 
as the austmycins. 8 

Structures assigned to components of the riiamycin 
complex, rifamycins B, 9 * 10 L, 11 and Y, 12 - 13 are shown in 
figure I. those assigned to the streptovarioins, stren- 
tcvaricms A, B, C, D, E, G, and F, u ' 15 in Figure 2, 
that of tolypomycin Y 16 in Figure 3, and that of gelda- 
namycin in Figure 4. iT ' 18 :' Rifamycins O 21 and SY, 22 ^ 
originally obtained as degradation products- of "-rif amy- 

4107A2- and a mutant of- Streptomyces mediierranei, 
respectively. 

Biological Activity 

The ansamycins are notably active- 2 ' 0 against gram- 
positive bacteria. Some broad spectrum activity has 
been noted for certain riiamycin derivatives 20 and some 
activity against gram-negative bacteria for the strep- 
tovaricixis. 3 The streptovaricins repress Mycobac- 
terium tuberculosis 22 and murine leprosy/ 4 and rifaniy- 
cin. derivatives 25 - 26 are reported to be clinically 
useful, especially in the. treatment of tuberculosis. 
Geldanamycui diners from the other ansamycins in 



— "F" r'' j^ 715 '" 1 -^ J r -> i$ -Professor of Chemistry at the University of 
lU%nois, Urbana, 'where he has been- employed since receiving his dociorcit 
(with James Cason) ai the University of California. Berkeley, in 2 95 A. 
si-is present 7ss.za.Toh interests censer around bio or garde chemistry, 
especially structural, biosyniheiic, and synthetic aspects of antibiotics, 
end mass spectrometry as applied io biologically interesting compounds, 
formar research efforts have included forays into ferrocene and cyclozrrcr^ 
chemistry. 



that its principal activity is against protozoa rather 
than ag ainst bacteria, 5 

Curiously, the antibacterial activity of the ansamy- 
cin antibiotics withstands considerable variation in 
structure. Several of the streptovaricins have anti- 
bacterial activity/-- 7 and all the rifamycins (A, 3/ C ; 

(1) The term ansa compounds "was originally proposed by Lllttring- 
haus [A. Ltlttringhause and H. Gralheer, Justus Liebias Ann. Chem., 
550, 67 (1942) ] for compo-un.de of this general Btruotural type, usually 
meta- and para-bridged benzenes. 

(2) P.Sensi, ?. Margalith, and M. T. Timbal, Farmaco, Bd. Set., 
14, 146 (1955). 

(3) P. Siminoff, R. M. Smith, "V7. T. Sokolsld, and G. M. Say age, 
Amer.ILev. Tuberc. Puhn. Die., 7o, 576 (1957). 

(4) (a) T. KiBhi, M. Asai, M. Muroi, S. Harada, E. Mizuta, S. 
Terao, T. Miki, and K. Misuno, Tetrahedron Lett., 91 (1969); (b) M. 
Shibata, T. xiRsegav/a, and S. Higashide, J. Aniibioi., 24,810 (1971). 

(5) C. De Boer } P. A. Meulman, R. J. Wnuk, and E>. H. Peteraon, 
/. Antibiot,, 23, 442 (1970). 

(8) (a) R, Donovick, J. P\ Pagano, and J, Vandetrutte, TX. S. 
Patent 2,999,048 (Sept 5, 1961); cf. Chem. AUtr., 55, 27792s (1961); 
(b) J. S. P. Schwarz, J. AnLCoiot., Ser. A, 20, 238 (1967). 

■(7) H. Yamaaaki, ibid:, 21, 204, 209, 222 (1968). 

(8) Dr. Heiichi Bakai, Pujisa-wa Pharmaceutical Co., personal 
communication to Dr. G, 3. Whitfield, The TJpjohn Co. 

(9) ,00 *W. Oppcber, V. Preloe, and P. Sensi" Bzperieniia, 20, 336 
(1964); (b) J. Leitich, W- Oppolzer, and V. Prelog, ibid., 20, 343 
(1964), _ 

(10) M. iirufani, w". ^'edeli, Lf. Giacomeilo, and A. Vaciago, ibid. t 
20,339 (1964). 

(11) G. C. Lancini, G. G. Gallo, G. Sartori, and P. Senei, J, Anii- 
biot., 22, S69 (1969). 
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(b) A, H.-J. Wang, I. C. Paul, X. L. Rinehart, Jr., and P. J. Antosz, 
J. A-mer. Chem. Soc, 93, 6275 (1971), 

(15) X. L. Rinehart, Jr., M. L. Maheshwari, P. J. Antosz, H. H. 
Maihur, X. Sasaki, and R. J. Schacht, ibid., 93, 6273 (1971). 
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also been determined by X-ray crystallography. ltb The relative 
stereochemistry shoTrn for the streptovaricins has very recently been 
established for a strep to varicin C derivative by X-ray crystallog- 
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Figure 1. Structures assigned to rif ainycins. 



D, E,) are biologically active. 22 < 28 Moreover, a number 
of the derivatives of -rifampin. B are more active than 
the antibiotic itself. The biological activity of rifa- 
mycin ±s is retained through the sequence (Figure 5) 
of oxidation to rif amy din 0 (which forms the lactone), 
hydrolysis to rifamycin S (which removes the glycolic 
acid), and reduction to rifamycin SY (which reforms 
" the hydro quinone) . 

Acyl derivatives of rif amy cms B ; 0, S, and SY with 
the ^ phenolic hydroxyl substituted show activity. 29 
Amides of the glycplic acid acid group of rifamycin B ; 
such as rif amide, 30 are also active. Condensation of 
rifamycin 0 (at the less hindered quinone carbonyl of • 
rifamycin S) with various amines gave active deriva- 
tives, of which the ammoguanidine derivative was 
reported to be the most active. 25 ' 31 Condensations 
with o-diamino aromatic compounds gave active deriv- 
atives such ^ as rlfazrne. 32 An even more remarkable 
transformation t with retention of biological activity 
involves a Marmich reaction at the' unsubstituted hy- 
droquinone position and oxidation to the formyl deriv- 
ative, followed by condensation of the formyl group 
oj. in udese aerivamves, sucn as 

—>~vArj.uj *_/J. Lj.it/ £^J.i.LHLJiUL-i.U 

5S 



with amines (Figur 



j. it Emu 

considerably ennanced., 



(2y; j. P. if'olkerbsma, YY . X, SokolsJd, aad J. W, S^pt, A-rdib^i 
J-nnu.,. 1957-1958." 114 (1958V. . , " 

(2S) under some conditions of fermentation, notably on addition 
of disthylbarbiiuric acid to the medium, the normally occurring com- 
plex of rdfamyciae (predominantly rifaaiycins C and D) is replaced 
py Trhat is mostly a single entity, rifamycin 3, differing from the 
ouiier rnarnycms in solubility properties." Eiiainycia 3 is acidic, 
ynereae -.he Ovher ruamyciris are essentially neutral. This ability 
u o Obtain one component, and the most stable component at tha* 
aiaea considerably in the structural investigations of the rifamycW • 
since - w ne waious separation, preliminary to the structural inyestisa- 
aor.s o: -sne 5T*ep tovaricins, for example, was obviated. 

(29) (a) ?. Sensi, Rm. -toqt. Or?. -Biol. Med. C&em., 1, 338 (-1964)- 
(b)_ apparently, however, the activity of acyl derivatives in antibac^ 
t-eraai assays ^ due to their hydrolysis during incubation [W: "Wehrli 
ana M. Staehelin, Biochim. Biophys. Ada IS 7 24 0 969)1 

(30) P. Sensi. N. ? v . Bailouia. S. Paress, £ Pa'W -d 
V. Areola. J. Med. Chem., 7, 596 (1964). 

(31) P. Sensi, M. T. Timbal, and A. M. Greco, AniibioL C/umo- 
t/isr., 12,483 (1963). 

(32-) (a) G, G. Gallo, G. H. Pascuaiucci, 2ST . Ivl*^ R. 3 a n 0 f-T.« 
!? a ? ; ^srmaco, ^d, 5cv, 21, 63 (1955); (bf H. Bickel, f! 

ff;-"'' VY " z-tA L. Keipp, ^ni^crob. Xp. ChtTncihsr., LP66. 

- r >° (1957). 

iggi. ?ai>an ? a ; and ?. Sensi, ibid., 1965 : 755 (1953). 




CH, OH H HCH 3 COC HOy 
" T T T T V 



-X 
-H 



STREPTOVAR1C1N ■ 
A 
B 
C 
D 



OH 
H 
H 
H 
' H 
OH 



ch> Ay 


A 






H 


H 




x 


_Z_ 


OH 


Ac 


OH 


OH 


Ac 


OH 


OH 


" H 


OH 


OH 


H 


H 


0* 


H 


OH 


OH 


"h 


OH 




CHf '"OH 
STREPT0VAR1CIN F 
Figure 2. Structures assigned to strep tovaricins. 

Cri 

CH 5 




957). 
(33) 7s. yr 



[ ?CH 3 H H CH 3 9H CH 3 ) 

v c — c-c — 6 — 6 — - 
■ i I i j i ■ 

H HjC OAc H H H 
TOLYPOMYCIN Y 
i?'igure 3. Structure assigned to tolypomycin. Y. 

The modes of action of rifamycin 5 * * 55 and strepto- 
yaricm 36 ' 37 as antibacterial agents are very similar. 
Both antibiotics inhibit DNA-directed UNA poly- 
merase in bacterial cells more strongly than any other 
known agent, 38 It seems likely that both antibiotics 
act at a similar site ; since E. colt resistant to one of the 
antibiotics is also resistant to the other. 39 Specific 

• t (34) G. Hartrr.ann, K. O. Honikai, J\ Eaueel, and J. Nussch, 
Biozhrim. Biophys. Ada, 145, S43 .(1967). 

(35) H. Umssa— a, S. Ivlisuno, H V=w^,k £T1 rl tt r 
ATJtihiQt. L 21, 235 (195S). ' ~ 1 1 

_(38) H, Yamar-aki, S. -vlk-uno, El. Nitia, E. Utahara, and H, 
umsiar^a, -ib-id., 21, 53 (195S). 

^(37) S. iVlisuno, H. Tama^aki, K. Mhta, and H. umecav/a. 
Biozhim. Biophys. Ada., 157. 322 (196S) . 

(3S) G. Hartmann, "vv . 3 e hr. K.-.l. Beissner, K. Honilcel. ard A.. 
Sippsl, ^-n £li <. Ch&m., SO, 710 (1953). 

(39) ±C. Nitta, 'S. :vli-uno t H. ifa-asaki, and H. Ume-a-a, / 
A-idbioi., 21.521 a 9 6S : . ' 
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Figure 5. Conversion of rifamycin B to related biolo gically active 
compounds. 

structural requirements needed to ensure activity have 
not been ascertained. In view of the wide variety of 
rifamycin derivatives which retain antibacterial activ- 
ity, the principal requisite feature may be the ansa 
■ bridge. Unfortunately, reports of the mode of action 
of tplypomycin and geldanamycm are not available. 

.The efrect of rifamycin and strep tovaricin in inhibit- 
ing ENA polymerase recalls the similar activity of 
aetikomycin; however, the mode of action appears to 
diner. Whereas actinomycin mfexacts with the DNA, 
rifamycin appears to interact directly with the polym- 
erase itself, 40 In the case of rifamycin, the antibiotic 
and enzyme form a very stable complex. 41 ' As expected, 
RNA polymerase from 'rifamycin-re-sistant mutants 
does not form a similar complex. 41 The action of - 

Chr riTTifrm VtyTi IS -in a soma on -f-V n 4- „ „J.: J_ r'fi 

j ^ — — 1 — ^ ^^■'■v 00 uworu. \j± ^<^>bii±u iu.y uiix. 

in keeping -with this difference in mode of action be- 
tween strep tovkricm-rif amy cin and actmoraycin-Ghro- 
mc.myciri: (1) "ohe xormer antibiotics do not interfere 
with DNA-dependent DNA synthesis/'* (2) their 
effect on UNA synthesis is independent of the base 
composition of the DNA template, 36t (3) they must be 
added prior 27 ** 2 to the initiation ' of the polymerization 
reaction since their specific action lies in blocking 
initiation of the E.NA synthesis/ 2 -^ and (4) the activity 
Quch greater aginst bacterial UNA polymerase 



than against mammalian 40 or tumor 57 RNA bolymerase. 

In bacterial polymerase studies rif ampicin (Figure 5)- 
usually is ussd, although rif amycins B and SY (figures 

' (40) Tv" yy ebrli, J. Ntiesah, Kn'dsel, and M. Siaebelin, Biochim. 
3iophys__J.de, 157 ; 215 (1988). 

(41} W, vv ebrli, P. Katisel, IL Sebmid, and M, Staehel^, Proc 
iVb:. Acad. Sci. V; 3., 61, 657 (1968). T' 
(42) A. SippsJ and G. Hartmar_ZL, 3<ochim. Bicvkvs. * cia t 57 2"?B 
C96S). _ . " " 

^ (43) S. Mizur.o, vam2.zs.ki. K. Xitt-a, and H." "UmszETva., 

BwcHffm. Biophys. Rss. Ocmzmun., 30, 379 (13 68). 
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Figure 6. Biologically important compounds derived from rifa- 
mycin SY. 

1 and 5) also appear to be effective. Other organisms 
axe inhibited by rifamycin derivatives as well Growth 
of Anacysiis moniana (a blue-green algae representative) 
was completely blocked by rifamycins B and' S and 
rifampicin., while growth of Chlofella pyrenoidosa (green 
algae) was unaffected." On the other hand, devel- 
opment of trachoma agent was markedly inhibited by 
rif ampicin and rifamycin SY but not by rifamycin B.^ 
The ansamycins are also' antiviral agents; the activ- 
ity of rifampicin has been tested with human volun- 
teers. 46 Eif ampicin (Figure 4) inhibits replication of 
vaccinia poxvirus/ 7 -^ and the same effect is mani- 
fested by at least one (but not by all) of the strepto- 
varicin components. 50 More recently iV'-demethylrif- 
ampicin and AF/ABDMP (2,6-dimethyl-i^-demethyl- 
iV'-bensylrif ampicin), other derivatives of formylrif amy- 
cin SV (Figure 6), have been shown to be much more 
potent than rifampicin in inhibiting vaccinia virus, 
Herpes simplex, and pseudorabies. 61 The mode of 
_ action of rifampicin. in this inhibition of viral replica- 
tion appears to be 'differ ent- 9 ' 5 2 from that described 
in the preceding paragraphs for bacteria. The gross 
enect is inhibition of virus particle formation, and t^is 
appears to proceed by prevention of the conversion 
of oiie polypeptide to another. 62 

• Most dramatic (and most recent) -of the activities of 
the ansamycins is that as potential .antitumor agents. ' 
A number of derivatives of formyirifamycin SY (Figure 
6) have been shown? 3 to inhibit the RNA-denendent 
DNA polymerase activity 5 *' 55 of several RNA tumor 



viru-es. m urns system rifampicin was wron6ut eiieet, 
^T-^w^cuxijr-iriiampiCiri, ^u:-/^.x;jr {iy -aemeunyi- 

(44) _M. Rodriguez-Lopes, M. L. Muiloz : and D. Vasauez. FEB 8 
{Fed, "jut, Biochem. Soc.) Lett, 9, 171 (1970), 

(45) - Y, Becker, Nature (London), 231, 115 (1971). 

(45) A. Mosblcovitz, N". Goldbium, and E. Heller, ibid., 229, 422 
(1971). 

(47) 2.. Heller, M.. Ar £ ams.n, H. Levy, aixd K, Gcldblum, ibid., 
222, 273 (1969). 

(48) J, H. Subak-SKarpe, M, C. ^^burv «"dT? Willi^^- 1 
222, 341 (1959). ' ' ' 

(49) 3. B.. Mci-UsisiL, Biochem. Biophys. Res, Commun., 37, 289 
. (1969) . 

(50) (a) A, Quintrell and B. H. McAuslan, J, Tirol., 6, 485 

(1970) ; (b) 3. Tan and 3, ±1, MeAuslan, Bioohsm. Biophys Zsz; 
Cornrmm., 42. 230 (1971). 

(51) G. L. Lancini, B.. Criccbio. and L. Tbirv, 7. Aniibioi. 24, 6^ 

(1971) . _ - r ' 

(52) (a) 3. Moss, >f. Hose^bVam, S. ICats, and ?. M. GriraJe3^ J 
Aciw-e (London), 224, 1230 (1959); (b) 2. Eats and 3. Mo-a, Proc. 
Net. Acad. Sci. U. 66, 577 (1970). 

(o3) C. Gurgo. S,. 5C. Htv, L t Tbi"^ and «V^ ( Qtloqt* ?fci'"~' > 'V'ta 
Biof.), 229, 111 (1971). * " ' " 

(54) M. Ten^in and S. VTisutani, iVci^rs (Lendon\ 22o 
(1370). '* _ _ 

(55) D. Baltimore, icid., 22d, 1209 (1970). 



/V-ben^yirifaxnpioin)- and- A3T/A3DM? (2.S-dimeth v ^ 
A'-asinstnyj-^beri^ykifimpiciii) were hi^hV ^—1'** 
±: ' or ~ biti0Ii - ItNA-dspsndeat DMA r^olvme^e 
acuity in mnrme leukemia virus, the streotov^ c ; n 
complex is reported to be highly active, conside^biv 
more so tuaapurified streptovaricins A or. C, or rifamv^ 
cm bV, ^nich in turn are reportedly more thin 
mampicin. E5 The chnicsl utility of these ^samycins 
as antitumor agents remains unkno wn. 

Structural Studies on Streptoyaricins 
^Studies leading to "the assignment of structure to 
niamycin B have been reviewed elsewhere. 2 • 30 & Sim- 
ilarly, evidence for the structures of rifamyoin Y 12 - i3 " 
and tolypo-mycin Y 4 » lfi - 17 can be found in other sources 
The structure assigned to geldanamycin is bas-d 
nearly entirely on interpretation of the nmr spectra of 
geldanamycrn and simple derivatives or degradation 
products." Consequently, ve shall here exercise an 
authors prerogative and concentrate our attention 
on our own studies of the streptovaricins. 

The streptovaricin complex was initially character- 
ized in work at the Upjohn Company, where the anti- 
biotic was demonstrated to consist of a mixture of 
related components 68 separable by countercurrent 
distribution, partition' chromatography, and paper 
chromatography. In our work, we have made exten- 
sive use of thin (and thick) layer chromatography 
in separating these orange antibiotics, 55 In the normal 
. lermsntation products streptovaricins A and C are 
the principal components, while a number of other 
components can* be' identified in concentrates from 
which most of the A or C components have been 
removed. 

Difficulty was initially encountered in establishing 
molecular formulas for the streptovaricins due to their 
formation of stable complexes with solvents. However, 
mass spectrometry, combined. with elemental analyses 
of samples from which solvent' had been scrupulously 
removed under high vacuum, allowed assignment of 
molecular formulas. The molecular formulas Indi- 
cated immediately that the streptovaricins are closely 
related., being either C 40 or compounds with varying 
numbers of oxygen atoms,' " Significantly, the C 4 « 
compounds contain ten C-methyl groups' (including 
two acetate groups), while the C 40 compounds contain 
nine (7-methyl groups (including one acetate -group). 
Accordingly, it was felt that the streptovaricins all 
contain an identical carbon skeleton and that they 
diner from one another in the degree of oxygenation 
and degree of acetylation. 59 This supposition was 
supported by the fact that the ultraviolet spectra of 
the streptovaricins 58 are nearly identical. 
. Because the compounds share a common chrorno- 

(56V W. Vy. Brocfcnaa, W.- A. Carter, L.-H. Li ] p. P eu „. r a „ d 
T. R. NioKol, :Ve«« (London), 250, 24* (1Q71). 

(57) V. J?relo S , Pure Apvl Chzm., 7, 551 (1953). 

(5S) G. 3. Wruiasid. Jr., 2. C. Olson, R, K. Kerr. j. A. ^ox M * 
3er|£ and G, A. 3oy*ok, Amar. £». TuUrc. Puhn; D*., 75, 584 

(59) K. L . Ri^ehart Jr., ?. S. Martin, "and C. E=. Cowdala. J 
-imsr.. Oram, Sec, SS, 3H9 (1956). 
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-figure 7. Degradation products derived from the streptovari-' 
cins. 

phoric system, initial attempts centered on degrading 
the streptovaricins to a structural entity in which the 
chromophore vras retained. However, attempts to 
degrade the compound by standard hydros-tic tech- : 
nia_ues were singularly unsuccessful The failure to 
hydrolyze contrasts with the successful hydropses of 
rifamycin B 9 and tolypomycin Y< and can be attributed 
to the. replacement of the enol ether function of the 
rifamycins and tolypomycins by a carbon-carbon bond 
in the streptovaricins. 

Initial attempts at oxidative degradation of strepto- 
varicins also yielded little information, but ultimately 
streptovaricin A was shown (Figure 7) to react with 
2 moles of sodium periodate to give a colorless water- 
soluble product, varicinal A ; 60 < 51 and a water-insoluble - 
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duct, prestreptovarcne. 15 * 62 Of the other 
streptovaricins, only streptovaricin G gave prestrepto-- 
varone on treatment with periodate. However, all the 
streptovaricins except streptovaricin on treatment 
wren a mixr-nre of sodium periodate and osmium tetrox- 
ide, gave streptovarone, a somewhat smalleT orange' 
compound, which was shown to be related to prestrep- 
tovarone by conversion of the latter compound to the 
former on oxidation' with perio date-osmium tetroxide, 
Since both compounds contain the chromophore of the 
streptovarieins, 63 attention was directed initially to the 
smaller compound, strepto varone.' 2 -- 

On mild acidic hydrolysis, strepto varone was con- 
verted to a deep red compound lacking nitrogen, -and 
other hydrolyses of streptovarone yielded formaldehyde 
and pyruvic acid, isolated as suitable derivatives 
(Figure 8). 62 A third group of streptovarone absent 
in the deep red compound was an enol acetate function,, 
identified by infrared and nmr spectra. Accordingly, 
the new aromatic compound was referred to as dapma- 
varone ■ (a'eacetyldepyrnvyldemethylensdioxystrepto- 
vcrone) . 

Dapmavarone in turn was further degraded, by a 
serendipitous D akin, reaction, to SjT-ohmethyl-^.o^S- 
tetrahydroxynaphthoquinone and 2-methyl-4-oxo- 

(50) K, L. Binehart, Jr., andH. H. Mathur, ibid., 90, 5240 (!9oS). 

(61) S. Sasaki, IC. L. ^' ' ' " ' 

in press. 



. Kinshsrt, Jr.,* and i'.'j. 



(62) K. L. Hinehai-t, Jr., C. £. Cov-.-daie, z~S ?. £. M^tin J 
Am sr. Cham, $oc. t 8S, 3150 (1965). 

_ (S3) ?. a. Martin, Ph.D. Thesis, diversity of liliscis, Vrb^ 
(54) K. X... Hinehar^ Jr., and F. J. J, Aniibioi.. \» pctss. 
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figure 8. D egradation products derived from streptovarone . 

2-perrtencic acid. The hydroxy! and methyl groups 
in the quinone were located by consideration of its 
nmr and mass spectra- 62 and by comparison of these 
spectral properties with those of similar compounds 
prepared in the extensive studies of Scheuer and Moore 
on spinochromes. 55 The keto unsaturated acid was 
. initially identified from its nmr spectrum 62 and sub- 
sequently compared to a 'synthetic sample, prepared 
by a known route. 66 

With all the carbon atoms in streptovarone identified, 
there remained only the problem of putting the pieces 
together again. Since the quinone and the keto "un- 
saturated acid had been isolated from a Dakin reaction, 
they could be assumed to be formed by the introduction 
of 1 mole of hydrogen peroxide between an aromatic 
ring and a carbonyl group of dapmavarone, Because 
the quinone has a center of symmetry, only three 
positions needed to be considered for attaching the 
carbonyl group. Ultimately, the decision rested on 
the nxnr spectrum of dapmavarone. Indeed, many of 
the structural assignments from this point on rest on the 
shifting positions and splitting patterns of certain 
protons observed initially in the nmr spectrum of the 
keto unsaturated acid (a, Figure 9) . 
, ^ The olennrc proton of the unsaturated acid is lacking 
in the nmr spectrum of dapmavarone (b, Figure 9)/' 
being replaced by absorption of a new methylene 
group. Moreover, the olefihic methyl group has been 
shifted to a position more appropriate to a methyl 
group on a quaternary aliphatic carbon, These 
changes imply addition of an oxygen function across 
the carbon-carbon double bond to give an additional 
ring, an implication supported by the appearance of a 
saturated ketone's infrared absorption ' at 1725 cm" 1 . 
The very low frequency of the aromatic ketone band 
(below 1635 cm" 1 ) indicates hydrogen bonding and 
requires the aromatic .carbonyl (removed in the Dakin 
reaction) to be located in the central position (for' 
hydrogen bonding) among the three hydroxyl groups of 
the quinone (Figure 8) . Comparison of the properties 
of dapmavarone to those of synthetic model compounds 
confirms the structure shown for darjmavarone in- 
figure S, 57 



(65) (a) C. W. J. Chang, R. E. Moore, ar.d P. J. Scheusr J 
-W Cum Boc 36, 2959 (1964); (b) R. S. Moors and ?. X 
Seaeuer. j Cr^CAcm., 31, 3272 (1966); (c) I. Sinch. H. T. Ostia R 
7^ or£ > G - J " Chmg, and ?. J. Scheuer, Tetrahedron, ii, 6053 

^(68) C. Aimengaud, G. Werrmith and j. Schreiber, C. & ^cs- 

254, 21S1 (2932V 

(67) D. C. Schlegel, Ph.D. Thesis. University o: Illinois. 1939. 
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Figure 9. Chemical shifts of characteristic protons of stxepto- 
variciris^ and their degradation products: (a) 3-oxo-trans-2- 
pentenoic acid, (b) dapmavaTone, (c) streptovarone (prestrep- 
. tovarone), (d) photostreptovarone (deptovarone), (e)" strepto- 
varicin A (C). 

In streptovarone (c, Figure 9), the olefinic hydrogen 
and an olennic methyl group are found again. The. 
ketone group in the side chain was confirmed by the 
formation of a- cuoxime of streptovarone, the other 
ketone being in the pyruvamide group. 54 The func- 
tional group in streptovarone which is hydrplysed to 
formaldehyde was identified 'as a methylenedioxy 
group "by its appearance at low field in the nmr spectrum, 
with the methylene protons being deshielded by two 
oxygen atoms. The amide function was identified 
by the. nitrogen atom's neutrality and hydrogen ex- 
change and located by comparison of its properties to . 
those of 2-aminonaphthoquinons and 8-hydroxynaph- 
■ the quinone . 5 2 

^Although the partial structure in the enoiic portion 
of - the molecule obviously involved a methylenedioxy 
group and enol acetate; as shown here, it was not clear 
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CH S 



H,CT ^ch 

COCH 3 

which two of the three oxygens the methylene group 
was spanning or, by difference, which oxygen was 
involved in the enol acetate group. This was ulti- 
mately assigned by consideration of the structure of 
photostreptovarone, discussed below, which 'was first- 
observed as a yellow spot appearing on thin layer 
pJates during chromatography .01 the orange strepto- 
varone. 
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, Figure 10. Structures of photostreptovarone and related prod- 
ucts. 

More careful radiation studies in solution allowed 
the isolation of photostreptovarone. 68 The molecular 
formula of photostreptovarone indicated loss of-CJIeOa 
(the -elements of acetic arihydride) from streptoyarone 
and, indeed, acetic anhydride could be identified as a 
product of the photolysis. The yellow compound 
itself was shown, by comparison of its ultraviolet spec- 
trum to those of related compounds, to be an 8-hydroxy- 
phenalenenone (Figure 10), which would be formed via 
the intermediate dihydTophenalenone shown. A hy- 




drolysis product, - deptovarone (depyruvylphotostrep- 
iovarone), was also prepared. The methyl and hydro- 
gen groups empolyed -in assignmg the structures of 
dapmayarone and. streptoyarone appear at the appro- 
priate aromatic positions in photostreptovarone (d,- 
Figure 9). The isolation of photostreptovarone and 
its assigned structure define the locations of the raeth- 
ylenedioxy and enci acetate groups in streptoyarone. 
Taken together, these lines of argument allowed assign- 
in ent of the structure of strep toy ar one . 5 - :S i 

'The structure^ of the immediate precursor of strep- 
toyarone,- prestreptoyarone, was ■ apparent once the 
structure of streptoyarone was established, since the 
nmr spectrum of prestreptoyarone indicated an addi- 
tional unsaturated methyl group and three olefmic 
hydrogens. The chemical shifts and coupling con- 
stants of these hydrogens indicated the stereochem- 
istry shown here. 15 ' 69 - 70 Photoprestreptovarone, with 
structure analogous to photostreptovarone; -was ob- 

(58) £. Sohachi and K. L. Rinehari, J- , J A mS r Chem Boc 89 
2239 (1957). ~ *' ' 

. (59) v. L. Uinehart, Jr., H. H. Mathur, ~K. Sasa-ki. ?. K. Vr^n 
and G. S. Corerdale, ibid., 90, 62dl (19.SS). 

• (70) Ths stereochemistry of an early sample of orsstrentcyarone 
Tvas assigned^" as trans, trans instead of the' trans, cis" s^sreochsrnistry 
shcTrn yrhich is also that cf nhe szrsptovarioiiis. 55 Apparency t-ha 
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tained from photolysis of prestreptoyarone (Figure 10). 

With the structure of prestreptoyarone in hand., 
attention was directed toward the colorless water- 
soluble product from periodate oxidation of strepto- 
varicin "A, yaricinal A. 60 - fil Although the electron- 
impact-produced mass spectrum of yaricinal A did not 
give a molecular ion,- its molecular formula- could' be 
assigned from the occurrence of peaks at M — 31 and 
M — 18 whose juxtaposition indicated them to be frag- 
ment ions rather than molecular ions. A field-emission 
mass spectrum of yaricinal A gave a strong molecular 
ion and confirmed the molecular formula. 71 

The structure- of yaricinal A (Figure 7) rests on its 
nmr spectrum and those of related compounds derived 
from streptoyaricin C. 51 Individual peaks in the 
spectra occur at appropriate positions, and spin de- 
coupling (Figure 11) indicates which of the protons are 
on adjacent carbon atoms. From the nmr spectrum 
of varioinai A relative stereochemistry at the atoms 
in the six-membered ring can be assigned (Figure 7)^ 
it is the same as that found in the rifamy cins (Figure 1) T* 1 

From the structures of prestreptoyarone and vari- 
cinal A one can develop the structure of streptovaricins 
A a-nd G, 16 - 64 ' 59 remembering that 2 moles of periodate 
is required to cleave streptovaricin A to prestrepto-- 
varone and yaricinal A. The nmr spectra of the strep4 
tovaricins indicate that all the oxygens of the strepM- 
varicins which 'are found in vari cinal A are present in the' 
streptovaricins as hydroxy^ acetate, or carbomethoxyl 
groups/ leaving as the only positions available for 
attachment to the prestreptoyarone part of the molecule 
the terminal carbons, as shown in Figure 11. One 
point of attachment must be the e carbon of the ox'b- 
dienamide unit in prestreptoyarone. The carbohyl 
group at that position must have existed as- a tertiary 
alcohol in streptovaricin A. In principle, that carbon 
could have been attached to either aldehyde carbon •■-6f 
yaricinal A. However, spin-decoupling experiments' 1 
carried out on streptovaricins A and C and related 
compounds (Figure 11) 53 completed the linking of the r 
carbon" atoms of yaricinal A with those of the prestrepV 
tov ar one dien amide unit . 

The second point of attachment (and the second 
point of periodate cleavage) was more difficult to locatcr- 
It is particularly significant that one of the olennic 
methyl groups of streptoyarone appears in strepto^ 
varicin A (e. Figure 9) as a deshielded aliphatic methyl 

(71) E. :*[. Chaiv ; T.'Vv. Shannon. J. Vf. A-y, ar.d ±. V". Mc- 
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Figure 11. Chemical shifts and coupling of yaricmal A protons 
and related protons in strep to varicins. 

' group j indicating the tetragonal nature of the carbon 
to which it is attached and suggesting an oxygen sub- 
stituent. The latter point was eomirmed by the ap- 
pearance of the quaternary carbon at 82.9 ppm from 
tetramethylsilane in the 33 0 nmr spectrum of strep- 
tovaricin C } a region appropriate for a hydxoxyl- 
substituted carbon atom. 64 . The only carbon in the 
diene side chain of streptovarone which is appropriate 
for a >C(CH;)0- group is C-4', as shown in the partial 
structure here. The methylenedioxy group appears 
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as an AB quartet. In the spectrum, of streptovarone 
that group appeared as a very broad absorption which 
could be. sharpened to a singlet on heating or split into 
an AB quartet on cooling. In photostreptovarone, 
the peak occurs as a singlet (d, Pigure 9). Thus. the 
structures of streptovaricins A and"C are assigned as 
shown in Figure 2: 

With the 'structures of streptovaricins A and C in 
hand, we turn to the structures of the other strepto- 
varicins. As mentioned, these compounds must all 
be closely related in light of their similar molecular 
formulas — most likely by a common carbon skeleton 
differing in degree of oxygenation and acetjdation. 

A useful tool in assigning structures to the strento- 
varicins was 'mass spectrometry. Mass spectra of 
nearhv all the streptovaricins contain strong neaks in 
the lower mass region at -m/e 390, 324, 297, and 269. 
These peaks were initially a source of perplexity, even 
after determination of high -resolution spectra and 
assignment of structures to strf-niovAririr-? A r.-nH C. 



in tnat there is no contiguous set of atoms in strepto- 
varicins A and C which could lead to fragment ions 
having this composition. However; the Dert>!exit3 r 
was resolved with the observations that prestreoto- 
varone and pnotoprestreptovarone give intense ions 
at m/s 390, 297, and 269 ; " that streptovarone' and 
photostreptovarone give peaks at m/e 324 } 297, and' 
269, and that deptovarone gives peaks at m/e 297 and 
269. 11 - 7 ~ These results indicate a process occurring 
in the mass spectrometer akin to the photolytic process 
observed in solution (Figure 10) and the streptovaricin 
fragmentation joins the growing list of mass spectral- 
photochemical analogies. 73 Indeed, a met ast able ion 
has been found indicating the one-step loss of C 4 H 6 0 3 
(acetic anhydride) from the M — 43 ion (m/e 426) of 
streptovarone. 72 Since not only streptovaricins A and 
C but streptovaricins B, E, T, and G all give the m/e 
390 j 324, 297 ; and 269 peaks, the other streptovaricins 
must' also contain the structural unit of streptovaricins 
A and C giving rise to the peaks. 

A second useful tool was periodate oxidation, both 
in assigning the amount of periodate consumed and in 
establishing the formation of prestreptovarone or the 
lack thereof. Thus, only streptovaricin G besides 
streptovaricin A gives prestreptovarone on treatment 
with sodium periodate, consuming 2 moles of oxidant. 
This cleavage indicates a hydxoxyl in the e position of 
the dienamide for streptovaricin G. Lacking an ace- 
tate of streptovaricin A, it is assigned the structure in 
Figure 2. Streptovaricins B, G ; E, and F do not give 
prestreptovarone on cleavage with periodate but react 
with 1 mole of periodate to give compounds which 
retain both the chromophoric unit and the complete 
side, chain. Streptovaricins B, C, and E do not have 
a hydroxyl at C-6 of the macrolide ring; F has a pro- 
tected hydroxy] at C-7 of the ring. 

In assigning structures to' the other streptovaricins, 
100- and 220-MHjs nmr spectroscopy were employed 
throughout, and essentially every proton could be 
located and assigned. The spectrum of streptovaricin' 
C (Figure 11), as the most abundant streptovaricin ; has 
been studied most extensively and has been compared 
carefully to those of the other streptovaricins. Struc- 
tural parameters deduced by these- nmr spectral com- 
parisons have been confirmed by chemical evidence. 
Streptovaricin B has one acetate' unit lacking in strep- 
"tovaricin G; it is located at the same position as in 
streptovaricin A. Acetylation of streptovaricins B 
and G gives a common product, as does acetyjation of 
streptovaricins A and G. iB Streptovaricin E has a 
molecular formula two hydrogen atoms less than that of 
streptovaricin C and its infrared spectrum contains an 
extra carbomd group, which its nmr spectrum locates 



(72) H. J. Schacht, Ph.D. Thesis, University of Illinois, 1959. 

(73) ItUst alia: A. L. Burling* me, G. Penseiau, W. J. Richt-er, 
vy. G. Dauber,, G. W. Shaffer, and N. E>. Yiatmeye- J, Amsr. Chem. 
Sac, 39, 3345 (1957); N. J. Turro, D. W. Tvsiss, vy. P. Hacdon, and 
?. W, McJL-assrr.y, ibid., 89, 3370 (1967); ?,. G. Dcnzhtxzv. ibid., 90, 
57S0 (1953); M. K. Hoffman, M. M: Bursev, and H. K. Winter, 

92, 727 (1970): G. Fenselau, G. W. Sha~er, and W. G. Danben. 
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at C-7 of the side chain. On reduction with sodium 
borohydride streptovaricin E gives streptovaricin C. 3£ 

The most distinctly different streptovaricins are 
streptovaricins D and F. SLrsptovaricm D has one 
oxygen atom less than streptovaricin G and one of the* 
a-Hphatic singlet methyl groups in ihe nmr spectra oi the 
other streptovaricins. is replaced by a methyl doublet 
at higher field. Streptovaricin D is not cleaved by 
sodium periodate at all., in accord with its lack of hy- 
droxy! groups at G-6 and C-4 ; . The mass spectrum of 
streptovaricin D lacks the characteristic peaks at 
m/e 390, 324, 297, and 269 found in the spectra of the 
other streptovaricins and its structure is assigned as 
shown in Figure 2. 15 

The molecular formula of streptovaricin F suggests 
it to be related to streptovaricin G but lacking the 
elements of methanol. This is confirmed by their 
respective nmr spectra in that the methoxyl group 
absorption of the other streptovaricins is absent in ■ the 
spectrum of streptovaricin .3? and the C-7 proton is 
shifted downfield (due to acylation of the C-7 hydroxy!) 
relative to the spectra of other streptovaricins. 15 

Biosynthesis 

Little work has been reported dealing with the bio- 
synthesis and byconversion of the ansamycius. In-, 
spection of their formulas suggests the highly branched 
side, chains are likely formed from acetate and propio- . 
nate (malonate and methylmalonate) units/ 4 or, possi- 
bly, from acetate with subsequent methylation of the 
polyacetate chain by methionine or another one-carbon 
unit. PreHrninary results concerning the primary 
source of the carbon atoms of rifamycin B indicate that 
propionate is a good precursor but that methionine is' 
incorporated only in the methoxyl group. 74 " 76 The 
naphthoquinone .rings may also be derived from 
acetate-pro pi onate or from acetate with subsequent 
methylation. 7 * However, an alternative pathway to ■ 

(74) J. Vf. Corcoran and M. Chick in "Bio synthesis of Anti- 
biotics," Vol. I, J. ?. Szsell, 2d., Academic Pre- Ne* York, N. Y,/ 
1966, p 159. 

(75) P. Sensi, unpublished results. 

(76) V. Pislog, personal communication. 



naphLhoquinone rings could be involved, such as that 
involving shikimic and glutamic acids. 77 - 5 

Byconversions of some of the rifamycins have been 
reported. Labeled rifamycin B added to the fermenta- 
tion medium has been shown to be converted to rifamy- 
cin ~Y j by hydroxyl&tion and oxidation. 7 * Six amycin B 
itself is derived from rifamycin 8, as is rifamycin L } the 
isomer of rifamycin B. 11 The latter two components 
appear to mterconvert, but not directly, since aromatic 
ring-labeled rifamycin L gives labeled rifamycin B but 
label in the glycolate unit of rifamycin L is not retained 
in nf amycin B. Rifamycin 0 has been proposed to be 
an intern) e di at e fox b o t-h . 11 

Future-Directions 

The ansamycins represent some of the most complex 
antibiotics thus far isolated, and further members of. 
this family will presumably be reported. .The very' 
high activity of the compounds promises continuing 
interest in them, both as" tools of molecular biology 
through study of their mode of action and as potentially 
useful chemotherapeutic agents. In the latter capac- 
ity; it seems likely that the remarkable latitude allowed 
in structural modification with retention of biological 
activity will prompt further investigation along these 
lines. Moreover, the demonstrated ability to direct 
■ Sireptomyces mediierranei toward production of one"" 
selected component of the rifamycins suggests the 
promising nature ox continuing efforts toward biological 
modification of all these antibiotics. ' 

It is a pleasure to express here my sincere appreciation to my 
collaborators whose work is discussed here — F. J. Antosi, C. B. 
Coverdate) M. L. Maheshviori, P. K. Martin, E. H. Mather K. 
Sasaki, R, J. Sehaehi, and D. C. Schlegel; to ihe Upjohn Co, lor 
streptovaricin samples; and io ihe National Insiiiutt of Allergy and 
Infectious Diseases for their grants {AI 0127 S and AI 04769) in 
support of this work. 
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